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Introduction 

The  presence  of  disorganized  or  poorly  structured  microfilaments  is  a  prominent  feature 
of  many  transformed  cells.  Disorganized  cytoskeleton  is  thought  to  contribute  to  the  malignant 
growth  of  cells.  Microfilaments  regulate  cell  division,  cell  motility  and  intracellular  transport. 
However,  the  role  of  microfilament-associated  proteins  in  neoplastic  transformation  remains 
largely  unclear.  Downregulation  of  microfilament-associated  proteins,  such  as  tropomyosins 
(TMs)  is  hypothesized  to  result  in  the  formation  of  functionally  aberrant  microfilaments,  thus 
contributing  to  the  manifestation  of  malignant  cells.  TMs  are  a  family  of  cytoskeletal  proteins 
that  bind  to  and  stabilize  actin.  This  research  proposal  is  based  on  the  preliminary  results  which 
have  identified  that:  1)  Tropomyosin- 1  (TM1)  is  a  suppressor  of  the  transformed  phenotype,  and; 
2)  TM1  is  consistently  abolished  in  a  large  number  of  breast  carcinoma  cells  that  are  tested.  The 
main  objectives  of  the  proposed  research  are  to  assess  the  expression  of  TM1  in  the  tissue 
specimens  of  breast  cancer  patients  and  to  investigate  whether  TM1  functions  as  a  suppressor  of 
the  malignant  growth  of  breast  cancer.  We  have  accomplished  the  proposed  goals  of  the  project. 
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Final  Report 

Technical  Objective  1:  Analysis  of  TM1  expression  in  human  malignant  breast  tumors  and 
benign  lesions,  and  normal  breast  tissues: 

Normal  mammary  epithelial  cells  elaborate  multiple  isoforms  of  TMs  [1,  2].  For 
example.  MCF10A  cells  express  7  different  TM  isoforms,  including  TM1  isoform  which  is  the 
focus  of  our  research  (Figure  1A).  The  spontaneously  transformed  breast  cancer  cells  exhibit 
severe  deficiency  in  TM  expression,  with  the  expression  of  several  TMs  is  either  downregulated 
or  completely  abolished  (Figure  1).  For  instance,  TM38  protein  is  expressed  in  MDA  MB231 
cells,  but  found  to  be  absent  in  MCF-7  cells.  Expression  of  TM1,  however,  was  consistently 
lacking  in  the  breast 
carcinoma  cell  lines  tested, 
indicating  that  TM1 
suppression  could  be  a 
common  event  during 
mammary  carcinogenesis 
(Figure  IB).  Based  on  these 
data,  we  hypothesized  that 
loss  of  TM1  is  a  critical 
biochemical  change  in  the 
malignant  transformation  of 
breast  epithelial  cells  and 
that  TM1  could  be  used  as  a 
novel  biomarker  of  breast 
cancer. 

Since  multiple  TMs 
are  present  in  epithelial  cells, 
and  the  presence  of  stromal  components  (which  abundantly  express  TM1)  in  tissues,  we  chose  to 
analyze  the  tissues  by  immunohistochemistry.  The  smooth  muscle  cells  of  the  blood  vessels  also 
express  TM1.  Currently  available  antisera  recognize  multiple  isoforms  of  TMs  and,  thus,  do  not 
permit  accurate  analysis  of  TM1  expression.  We  have  proposed  to  employ  TM-specific 
antibodies  to  assess  TM1  expression  in  breast  tissues.  We  generated  several  TM1 -specific 
antibodies  in  this  lab.  TM1 -specific  reactivity  of  these  antibodies  (Figure  IB)  has  been  tested  and 
described  in  two  recent  publications  [2,  3].  For  example,  the  MDA  MB  231  and  MDA  MB  435 
cells,  which  lack  TM1  but  express  a  co-migrating  TM  isoform  (known  as  TM38),  whereas  some 
breast  cancer  cells  (such  as  MCF-7)  lack  both  TM1  and  TM38.  This  is  illustrated  in  blot  that 
was  probed  with  a  pan  TM  antibody  which  recognizes  multiple  TMs,  including  TM1  and  TM38 
(Figure  IB  top  panel).  The  TM1 -specific  antibody  (Figure  IB,  middle  panel)  detects  TM1  in 
normal  MCF10A  cells,  but  does  not  yield  a  signal  in  the  breast  cancer  cells,  independent  of  the 
presence  of  co-migrating  TM38.  This  result  is  consistent  with  the  2-dimensional  gel 
electrophoresis  data  [1].  The  other  fibroblast  cell  lines  (DT/TM1  and  DT/TM1-TM2)  in  the 
figure  are  used  as  references  which  express  either  TM1  [4]  or  TM1  and  TM2  [5].  These  results 
demonstrate  that  the  novel  antibodies  are  highly  TM1 -specific. 

In  addition,  we  have  developed  a  sensitive  in  situ  hybridization  method  to  determine 
TM1  expression  in  breast  tissues.  For  this  purpose,  we  collected  normal  and  malignant  breast 


Figure  1.  Expression  of 
TMs  in  normal  and  breast 
cancer  cells:  A.  Two 
dimensional  gel  analysis  of 
TM  expression  in  MCF10A 
cells.  The  positions  of 
TM1,  TM38  and  TM32  are 
identified. 

B.  TM  expression  in  normal  and  malignant  breast  cells.  The  cell  lines 
used  are  indicated.  DT/TM1  and  DT/TM1-TM2  cells  were  used  as 
positive  controls  for  TM  expression.  These  are  TM1 -induced  revertants 
of  ras-transformed  fibroblasts  expressing  either  TM1  alone  or  both  TM1 
and  TM2.  TM2  migrates  as  a  distinct  band  below  TM1,  which  is  evident 
in  DT/TM1-TM2  cells  (top  panel).  The  cell  lysates  were  probed  with 
either  a  polyclonal  antiserum  that  reacts  to  multiple  TMs  (top  panel),  an 
anti-peptide  antibody  that  reacts  to  TM1  specifically  (middle  panel),  or 
with  anti  tubulin  antibody  for  load  controls  (bottom  panel).  The  anti- 
TM1  antibody  recognizes  TM1,  but  not  other  TM  isoforms. 
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tissue  specimens  from  the  patients  undergoing  surgery,  as  part  of  their  clinical  care.  Tissue 
specimens  were  collected  under  the  approval  of  the  Institutional  Review  Board.  We  analyzed  24 
normal  and  25  invasive  breast  tumors  for  TM1  expression.  While  all  of  the  normal  tissues 
expressed  abundant  quantities  of  TM1,  none  of  the  breast  tumors  expressed  significant  levels  of 
TM1  (Figure  2A).  Quantitation  of  TM1  expression  revealed  profound  differences  between 


Figure  2A.  TM  expression  in  normal 
and  malignant  breast  tissues::  Normal 
and  malignant  breast  tissues  were 
hybridized  with  antisense  (top  and 
bottom  panels)  TM1  probes.  Samples 
were  photographed  in  bright  field  to 
view  the  tissue  architecture  (left 
panels)  and  in  dark  field  to  view  the 
silver  grains  indicative  of  TM1 
expression  (right  panels).  Samples 
were  photographed  at  25x 
magnification. 


normal  ducts  and  the  invasive  tumors.  TM1  mRNA  expression  was  quantitated  by  counting  the 
intensity  and  number  of  the  silver  grains.  Relative  quantity  of  TM1  in  normal  tissue  was  at  29.7 
units,  while  the  malignant  breast  tissue  expressed  TM1  at  3.5  units  (Figure  2B).  The  signal 
obtained  with  the  tumors  was  comparable  to  that  obtained  with  the  ‘sense’  control  probes.  These 
data  demonstrate  that  the  expression  of  TM1  is  profoundly  suppressed  in  breast  tumors  [3]. 


Figure  2B:  The  expression  of  TM1  mRNA  is  profoundly  suppressed  in 
breast  tissues:  TM1  expression  was  quantified  by  relative  luminescence.  The 
signal  due  to  background  was  subtracted  from  that  of  normal  and  tumor 
samples. 


Normal  Malignant 
Breast  tissue 


e 

O  8 

V>  .§ 30 

£  E  k 
a.  =* 

K  “  20 
©  © 

£  15 

2  © 


In  a  second  line  of  study  to  determine  the  changes  in  TM1  expression  in  breast  tumors, 
we  have  employed  immunofluorescence  to  determine  changes  in  TM1  expression  in  breast 
tissues.  We  have  employed  the  novel  TM1  specific  antibodies  [2]  to  evaluate  TM1  expression  in 
breast  tissues.  Consistent  with  the  results  obtained  with  in  situ  hybridization  data,  TM1  protein 
was  undetectable  in  25  primary  tumors,  while  all  the  normal  tissues  expressed  TM1  (Figure  3) 
[3].  TM1  expression  was  noted  in  luminal  and  basal  layers  of  normal  ducts.  The  tumor  tissue 
was  negative  for  TM1  expression.  It  should  be  noted  that  the  blood  vessels  and  stromal  elements 
express  TM1  in  significant  amounts.  The  smooth  muscle  component  of  blood  vessels  expresses 
TM1,  and  accordingly,  the  TM1  antibody  showed  strong  reactivity  (identified  with  and  arrow, 
Figure  3  middle,  bottom  panel).  The  reactivity  of  the  antibody  with  the  blood  vessels  serves  as 
an  internal  positive  control  for  TM1  expression  in  tumor  tissues,  which  are  negative  for  TM1. 
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Normal  Breast  Malignant  Breast  tissue 

Tissue 


Figure  3.  Downregulation  of  TM1  expression  in  breast 
tumors:  TM1  expression  was  determined  by 

immunofluorescence.  The  background  indicates  staining  of 
the  tissue  in  the  absence  of  primary  antibody,  which  did  not 
yield  any  measurable  signal.  The  samples  were  counterstained 
with  DAPI  to  visualize  nuclear  morphology.  TM1  was  readily 
detected  in  normal  ducts.  The  reactivity  in  tumor  tissue  is  due 
to  the  smooth  muscle  cells  present  in  the  blood  vessels 
(indicated  with  an  arrow),  but  the  tumor  itself  (labeled)  is 
negative  forTMl. 


H  &  E  staining  H  &  E  staining  Nuclear  morphology 


TMI  expression  TMI  expression  Background 


We  next  screened  several  commonly  employed  lung  and  colon  carcinoma  cell  lines  for 
TMI  expression  to  determine  whether  loss  of  TMI  expression  is  specific  for  breast  cancer  cell 
lines.  These  results  indicated  while  some  lung  and  colon  carcinoma  cells  lack  TMI,  some 
contain  detectable  TMI,  suggesting  that  the  consistent  loss  of  TMI  expression  is  a  specific 
feature  of  breast  carcinoma  cells. 


Figure  4.  TMI  expression  in  breast  and  colon  carcinoma 
cell  lines:  Cell  lysates  from  indicated  cell  lines  were 
probed  with  a  TMI -specific  antibody,  a  pan-TM  antibody 
and  a-tubulin  antibody.  MDA  MB  231  and  MCF-7  are 
breast  cancer  cell  lines.  MCF-7/TM1  is  derived  by 
transduction  of  MCF-7  cells  with  TMI,  and  it  is  a 
revertant  cell  line.  The  other  cell  lines  are  colon  carcinoma 
cell  lines.  The  panel  labeled  as  ‘TM’  indicates 
immunoblotting  with  the  pan  TM  antibody  which 
recognizes  TMI  and  other  TM  isoforms. 
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Technical  Objective  2:  Effects  of  expression  of  TMI  in  human  breast  carcinoma  cell  lines  and  in 
normal  mammary  epithelial  cell  lines. 

Our  previous  studies  with  experimentally  transformed  murine  fibroblasts  have  demonstrated  that 
TMI  is  a  suppressor  of  the  malignant  transformation,  and  that  TMI  is  a  class  II  tumor  suppressor 
[2,  6,  7].  To  examine  the  role  of  TMI  in  mammary  carcinogenesis,  and  to  determine  whether 
TMI  can  suppress  the  malignant  growth  of  a  spontaneously  transformed  human  breast  carcinoma 
cells,  the  following  experiments  were  carried  out. 

MCF-7  cells,  which  lack  TMI,  were  transduced  with  a  recombinant  retrovirus  expressing 
TMI.  Individual  cell  lines  expressing  TMI  were  isolated  and  tested  for  the  effects  of  TMI 
expression  on  the  morphology  and  growth  properties  [2].  Restoration  of  TMI  expression  resulted 
in  the  formation  of  tighter  colonies  with  a  more  branched,  tubular  appearance  (Figure  5A). 
Restoration  of  TMI  expression  resulted  in  the  emergence  of  TMI  containing  microfilaments  [2]. 
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Figure  5A. .  Morphology  of  TM1 
expressing  MCF-7  cells:  Monolayers  of 
MCF-7  and  MCF-7  cells  transduced  with 
TM1  (MCF-7/T  cells)  were  stained  with  H 
&  E  and  photographed  using  an  Olympus 
B20  microscope  with  2x  objective. 


Transduction  of  MCF-7  cells  resulted  in  marked  changes  in  the  growth  of  MCF-7  cells. 
TM1  expression  significantly  decreased  the  growth  rates,  compared  to  parental  MCF-7  cells.  A 
more  profound  effect  was  observed  on  the  anchorage-independent  growth  property,  which  is  a 
hall  mark  of  the  neoplastic  phenotype  (Figure  5B  &  C).  TM1  expression  completely  abolished 
the  anchorage  independent  growth  of  MCF-7  cells,  indicating  that  TM1  suppressed  the 
malignant  findings  support  the  hypothesis  that  TM1  is  a  general  suppressor  of  neoplastic 
growth.control  by  estrogen.  In  a  different  approach,  we  have  adenoviraly  expressed  TM1  in 
MCF-7  cells,  which  also  resulted  in  suppression  of  the  anchorage-independent  growth  [3].  It 
should  be  noted  that  the  revertant  MCF-T/T  cells  remain  responsive  to  estrogen  in  their  growth 
behavior.  We  have  also  demonstrated  that  restoration  of  TM1  expression  results  in  increased 
association  of  cell  adhesion  molecules,  E-cadherin  and  p-catenin  with  the  cytoskeletal  fraction, 
which  may  explain  the  formation  of  tighter  colonies  in  MCF-7/T  cells  (Figure  5  A)  [2], 
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Figure  5B  &  C.  TM1  suppresses  anchorage  independent  growth:  Cells  were  plated  in  soft  agar  as  described 
in  materials  and  methods.  At  the  end  of  the  culture,  they  were  stained  with  nitroblue  tetrazolium, 
photographed  (B)  and  the  number  of  colonies  formed  with  each  cell  line  is  shown  (C).  Error  bars  indicate 
standard  deviation. 


With  these  experiments,  the  goals  of  this  Objective  are  accomplished,  and  we  have 
completed  the  Objective  2. 

The  following  work  represents  additional  studies  on  the  role  of  cytoskeletal  proteins  in 
breast  cancer  related  to  this  Objective,  which  were  not  propsed  original  grant  application.  We 
have  made  significant  progress  in  understanding  the  role  of  TM1  in  regulating  growth  and 
survival  of  normal  and  malignant  breast  cells.  We  have  tested  whether  TM1  -mediated  tumor 
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suppression  is  cell  type  specific  or  whether  TM1  suppresses  the  neoplastic  behavior  of  other 
breast  cancer  cells,  which  differ  in  the  hormone  receptor  or  p53  status. 

For  this  purpose,  we  selected  MDA  MB  231  cells,  which  lack  TM1,  but  express  another 
related  TM  isoform,  viz.,  TM38  (Figure  IB).  We  have  demonstrated  that  TM1  suppresses  the 
malignant  growth  properties  of  MDA  MB  231  cells  [2].  Collectively,  these  results  show  that 
TM1  suppresses  the  malignant  growth  cells  of  breast  cancer  cells. 

A  new  line  of  work  to  investigate  the  mechanism  of  tumor  suppression  by  TM1  is 
initiated.  Since  TM1  suppresses  anchorage  independent  growth,  we  investigated  whether  TM1 
induces  anoikis  (detachment-induced  apoptosis)  in  breast  cancer  cells  (Figure  6).  Initial  studies 


Figure  6A:  TM1  induces  anoikis  in  breast  cancer 
cells:  Parental  MCF-7  and  MDA  MB  231  cells,  and 
those  express  TM1  and  TM2  were  cultured  on  poly 
HEMA  coated  dishes  for  72h  (MCF-7  derived  cells), 
or  24h  (MDA  MB  231  derived  cells).  A.  Nuclear 
morphology  of  DAPI  stained  cells  is  shown. 
Apoptotic  cells  are  marked  with  arrows  in  MCF- 
7/TM1  cell  panel.  Cells  were  photographed  using  a 
fluorescent  microscope  with  a  UV  filter  cube  at  lOOx 
magnification.  As  shown  in  the  figure,  TM1- 
transduced  breast  cancer  cells  undergo  apoptosis  when 
denied  adhesion. 


indicate  that  TM1  sensitizes  breast  cancer  cells  to  anoikis  [3].  Detachment-induced  apoptosis  in 
TM1 -transduced  cells,  but  not  in  the  parental  breast  cancer  cells  has  been  demonstrated  by 
examining  nuclear  morphology  (Figure  6 A)  and  measuring  the  DNA  content  in  subGo-Gi 
fraction  of  cell  cycle  (Figure  6B  &C). 


Figure  6B  and  C.  TM1  expression  induces  rapid 
anoikis:  Accumulation  of  DNA  in  sub  G0-Gi 
fraction,  which  indicates  apoptosis,  was  measured 
by  propidium  iodide  staining.  MDA  MB  231  and 
MDA  MB  231/TM1  expressing  cells  were 
cultured  in  suspension  for  6  to  24  hours  and 
harvested.  Cell  cycle  distribution  at  six  hours  is 
shown  in  Figure  6  B.  The  percent  DNA  content  in 
subG0-G|  fraction  is  shown  (Figure  6C).  Shaded 
boxes  represent  MDA  MB  23 1  cells  and  the  open 
boxes  are  MDA  MB  23 1/TM1  cells.  DNA 
content  in  subG0-Gi  fraction  of  cells  cultured 
under  normal  adhesion  conditions  (marked  ‘adh’) 
has  been  quantitated.  These  samples  do  not 
contain  any  significant  amount  of  apoptotic  DNA. 
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Ongoing  work  indicates  that  TM1  expression  in  MDA  MB  231  cells  alters  integrin 
profiles,  which  may  re-sensitize  them  to  anoikis.  We  are  now  investigating  whether  TM1- 
induced  anoikis  is  mediated  through  altered  integrin-controlled  intracellular  signaling  pathways 
[8], 


Technical  Objective  3.  Induction  of  transformed  phenotype  by  repression  of  TM1  expression:  In 
order  to  test  whether  the  loss  of  TM1  expression  could  lead  to  the  expression  of  malignant 
transformation  of  mammary  epithelium,  antisense  suppression  of  TM1  is  proposed.  TM1  was 
subcloned  in  antisense  direction  in  the  retroviral  vector  pBNC  and  antisense  packaging  cells  of 
PA317  are  generated.  The  MCF10A  cells  have  been  transduced  with  the  recombinant  pBNC 
retrovirus.  Transduced  cells  were  selected  for  resistance  to  G418  and  single  cell  clones  were 
selected.  These  cell  lines  were  tested  for  growth  under  anchorage  independent  conditions. 
MCF10A  cells  expressing  antisense  TM1  were  unable  to  grow  under  anchorage  independent 
growth  conditions,  indicating  that  antisense  expression  was  not  adequate  to  suppress  TM1 
expression.  These  data  indicate  that  either  the  antisense  RNA  is  not  effective  in  suppressing 
TM1  or,  the  antisense  suppression  of  TM1  alone  does  not  transform  the  breast  cancer  cells.  This 
difficulty  was  foreseen  in  the  potential  problems  section  of  the  grant  proposal.  TM1  is  a  major 
cytoskeletal  protein  with  presumably  a  longer  half-life,  which  may  contribute  to  resistance  to  the 
classical  anti-sense-suprression.  We  have  completed  the  work  as  proposed  in  the  original 
application. 

At  this  point,  we  have  tested  the  siRNA  strategy  to  suppress  TM1  in  MCF10A  cells.  We 
have  identified  a  sequence  in  the  exon  9  of  TM1  to  target  the  siRNAs.  We  have  also  employed 
complementary  control  siRNAs  through  commercial  sources.  The  siRNAs  have  been 
transfected  into  MCF10A  cells  and  the  expression  of  TM1  was  assessed  by  the  isoform-specific 
antibodies  by  immunoblotting.  As  shown  in  the  Figure  7,  TM1  expression  was  not  significantly 
suppressed  in  the  siRNA-treated  cells  compared  to  the  control  siRNA-treated  cells  or  unmodified 
MCF10A  cells.  Since  we  find  the  siRNA  directed  at  the  exon  9  is  unable  to  suppress  TM1 
expression,  we  will  test  other  potential  targets  to  achieve  the  ‘knock-down’  of  TM1. 

Although  our  attempts  to  suppress  TM1  hitherto  have  not  succeeded,  the  complementary 
strategy  of  replacing  TM1  in  breast  tumor  cells  (Objective  2)  has  been  highly  successful.  Our 
work  has  shown  for  the  first  thime  that  TM1  is  a  suppressor  of  malignant  phenotype  of  breast 
cancer  cells. 


Figure  7.  Effect  of  exon  9  siRNA  on  TM1 
expression  in  MCF10A  cells:  SiRNA  targeting  exon 
9  of  TM1  and  a  control  siRNA  were  used  to  transfect 
MCF10A  cells  at  100  and  200  pmoles.  The 
expression  of  TM1  was  evaluated  by 
immunoblotting  using  TM1 -specific  antibodies. 
Lysates  from  untransfected  MCF10A  cells  (marked 
‘none’)  were  used  as  controls.  MDA  MB  231  cells 
which  lack  TM1  were  used  as  controls  for  the 
specificity  of  the  TM  antibody  (Figure  1).  The  blot 
was  also  probed  with  anti-tubulin  antibodies  for  load 
contols. 
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Technical  Objective  4.  Structure-function  relationship  of  TM1 -mediated  tumor  suppression: 
Studies  completed  in  Techinical  Objective  2  have  shown  that  TM1  is  a  suppressor  of  malignant 
growth.  Experiments  proposed  in  this  Objective  were  aimed  at  investigating  the  molecular  basis 
of  anti -neoplastic  effects  of  TM1. 

First,  we  tested  the  isoform-specificity  of  tumor  suppression  by  TM1 .  For  this  purpose, 
we  have  created  a  cell  line  derived  from  MCF-7  cells  that  expresses  TM2-an  isoform  that  shares 
significant  homology  with  TM1 .  We  have  subcloned  TM2  cDNA  into  a  plasmid  vector  that  co¬ 
expresses  green  fluorescent  protein  via  IRES  sequences  to  mark  the  transfected  cells  [3].  MCF-7 
cells  were  transfected  with  TM2  plasmid  and  selected  with  the  G418.  Stable  cells  expressing 
TM2  were  tested  for  their  growth  in  agar.  TM2  cells  grew  in  anchorage  independent  conditions, 


Figure  8:  Isoform-specificity  of  tumor  suppression 
by  TM1.  A.  Comparison  of  TM1  and  TM2  proteins. 

TM1  and  TM2  share  extensive  sequence  homology 
except  in  the  sequence  coded  by  two  alternatively 
spliced  exons  (amino  acids  189-213  and  258-284). 

The  asterisks  identify  unique  cysteine  residues  in 
TM1  (cys  35)  and  TM2  (cys  190). 

B.  TM2  is  not  a  tumor  suppressor  of  breast  cancer 
cells:  MCF-7  cells  were  transfected  to  restore  the 
expression  of  TM2,  and  stably  selected  cells  were 
tested  for  TM2  expression  using  a  commercial 
antibody  (TM311,  Sigma).  Unmodified  MCF-7 
cells,  empty  vector  transduced  cells  (MCF-7/V), 

TM2  and  TM1  expressing  MCF-7  cells  were  used  in 
the  immunoblotting  experiment  (top).  Parental  and 
TM2  expressing  MCF-7  cells  were  cultured  under 
anchorage  independent  conditions  (bottom).  HP 
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indicating  that  TM2,  unlike  TM1,  is  not  a  tumor  suppressor  (Figure  8). 

At  this  point,  we  have  taken  two  different  approaches  to  determine  the  molecular 
determinants  of  TM1  that  are  responsible  for  tumor  suppression.  The  terminal  portions  of  TMs 
are  known  to  be  important  regulators  of  TM  functions.  Since  TMs  are  a-helical  coiled-coil 
molecules,  we  have  sought  to  modify  the  amino  terminal  end  of  TM1  by  adding  a  hemagglutinin 
(HA)  epitope.  Epitope  tagging  of  TM1  is  expected  to  greatly  facilitate  the  analysis  of  transfected 
TMs  and  proived  insights  into  the  functional  importance  of  the  termini  of  TM1.  To  confirm  that 
epitope  tagging  does  not  impair  the  tumor  suppressive  function  of  TM1,  we  chose  to  test  the 
constructs  in  DT  cell  (ras-transformed  NIH3T3  cells)  system.  Our  previous  published  studies 
showed  that  DT  cells  are  suitable  models  to  test  the  ability  of  TM1  to  reorganize  the  cytoskeleton 
and  tumor  suppression.  For  example,  the  effects  of  TM1  on  the  cytoskeleton  and  growth  of  DT 
cells  [4]  are  essentially  similar  to  that  observed  with  breast  cancer  cells  [2].  Since  the  modified 
TMs  exert  effects  beyond  the  cell  morphology  and  anchorage-independent  growth,  we  conducted 
these  experiments  in  simpler,  yet  relevant  model.  For  example,  we  found  that  the  modified  TMs 
alter  cytokinesis,  which  renders  the  isolation  of  single  cell  clones  difficult  [9,  10].  The  effects  of 
TMs  on  cytokinesis  was  discovered  during  the  project  period  and  are  further  discussed  in  the 
accompanying  publications  [9,  10]. 
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In  the  first  approach,  a  hemagglutinin  (HA)  epitope  was  engineered  to  the  amino 
terminus  of  TM1 .  The  ATG  initiation  codon  of  TM1  was  replaced  with  an  oligonucleotide 
sequence  encoding  HA  epitope.  The  recombinant  TM1  was  subcloned  into  a  eukaryotic 
expression  vector,  and  transfected  into  DT  cells. 

The  epitope  tagged  TM1  profoundly  differed  from  the  wild  type  protein  in  terms  of  its 


Figure  9.  Amino  terminal  modification  abolishes 
anti-oncogenic  effects  of  TM1:  Growth  of  cells  in 
monolayer  (A),  or  under  anchorage  independent 
conditions  (B)  was  measured.  In  A,  the  following 
cell  lines  were  used:  DT/TM1  (■),  NIH3T3  (A), 
DT/HA-TM1  (♦)  and  DT  (•).  The  p  values  were 
calculated  using  two  tailed  t  test  assuming  unequal 
variance.  Photomicrographs  of  anchorage 
independent  cultures  (B)  are  shown.  The  histogram 
shows  the  efficiency  of  colony  formation  in  DT,  two 
independent  clones  of  DT/HA-TM1  and  DT/TM1 
cells.  The  error  bars  indicate  mean  ±  standard 
deviation  from  triplicate  samples. 


A. 


B. 


Growth  Curve  DT  DT/TM1  DT/HA-TM1 


ability  to  function  as  a  tumor  suppressor  [9].  Transfection  of  epitope  tagged  TM1  did  not  induce 
microfilaments,  alter  the  growth  rates  or  inhibit  the  growth  in  agar  (Figure  9).  These  data  show 
that  modification  of  N-terminal  portion  of  TM1  completely  abolishes  the  tumor  suppression. 
These  results  further  support  the  importance  of  the  amino  terminus  of  TM1  in  cytoskeletal 
reorganization  and  suppression  of  malignant  growth. 

In  the  second  approach,  we  created  chimeras  of  TM1  and  TM2  as  described  in  Figure  10. 
To  test  whether  the  amino  and  carboxy  terminal  portions  of  TM1  are  responsible  for  tumor 
suppression,  chimeras  of  TM1  (a  tumor  suppressor)  and  TM2  (not  a  tumor  suppressor)  were 
created  [10].  We  have  completed  the  site  directed  mutagenesis  to  introduce  a  silent  mutation  to 
create  a  Hindlll  restriction  site.  This  was  accomplished  by  PCR  and  the  resultant  variants  of 
TM1  and  TM2,  designated  as  ‘TM1-TM2  and  TM2-TM1’  respectively.  We  have  tested  the 


Figure  10.  Generation  of  TM  chimeras:  A 

schematic  representation  of  TM1  and  TM2 
cDNAs  with  areas  of  sequence  divergence, 
and  the  position  at  which  the  amino  and 
carboxy  termini  are  switched  (designated  as 
‘Switch’)  is  depicted.  The  TM2-TM1 
chimera  is  subcloned  into  a  tetracycline 
regulatable  plasmid  vector,  ptTAs  that  allows 
selection  with  puromycin.  In  this  vector,  the 
tetracycline  regulated  transactivator  and  the 
tetracycline-repressed  CMV  promoters  are 
present.  The  expression  of  the  cloned  gene  is 
repressed  in  the  presence  of  the  antibiotic. 
The  TM1-TM2  chimera  is  cloned  into 
pIRES2-EGFP  plasmid,  and  the  transfected 
cells  are  isolated  by  flow  cyotometer. 
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anti-oncogenic  effects  of  the  chimeras  DT  cells. 

We  have  used  a  tetracycline-inducible  expression  system  to  express  the  TM2-TM1 
chimera  (Figure  10)  which  contains  the  carboxy  terminal  portion  of  TM1 .  DT  cells  were 
transfected  with  TM2-TM1  chimera  and  single  cell  clones  were  isolated  in  presence  of 
tetracycline  which  represses  the  expression  of  the  transfected  gene.  The  single  cell  clones  were 
induced  by  withdrawing  the  antibiotic  from  the  culture  medium  and  the  microfilament 
architecture  and  anchorage-independent  growth  was  assessed  (Figure  1 1).  The  TM2-TM1 
chimera  fails  to  induce  stress  fibers  or  suppress  anchorage-independent  growth  [10].  This  result 
was  somewhat  unexpected  because  the  carboxyterminal  portion  of  TM1  contains  distinctive 
sequences  hypothesized  to  contribute  to  the  iso  form-specific  functions  of  TM1.  However,  the 
results  of  the  experiments  with  the  modified  TM1  (Figure  9)  and  the  TM2-TM1  chimera  (Figure 
1 1)  indicate  that  the  amino  terminus  may  be  important  determinant  of  TM1  functions.  This  new 
hypothesis  is  tested  in  the  next  set  of  experiments. 


Figure  11:  TM2-TM1  chimera  does  not  assemble  stress  Fibers  or  suppress  anchorage-independent  growth: 
A..  Immunofluorescence  revealed  that  the  induction  of  TM2-TM1  chimera  fails  to  induce  stress  fibers,  as 
revealed  by  TM  antibody  and  F-actin  (staining  with  phalloidin),  and  the  cells  resembled  parental  DT  and 
DT/TM2  cells.  Bar  10pm.  B.  Expression  of  the  TM2-TM1  chimera  does  not  inhibit  the  anchorage  independent 
growth.  The  DT/TM2-TM1  cell  line  was  cultured  either  in  the  presence  of  tetracycline  (+)  or  absence  (-),  which 
corresponds  to  uninduced  and  induced  conditions,  respectively.  A  vector  control  cell  line  (DT/V)  was  also 
plated  which  efficiently  grew  under  anchorage-independent  conditions.  The  number  of  colonies  obtained  is 
normalized  to  DT  cells  (100%).  TM1  expression  (DT/TM1  cells),  abolishes  the  growth  of  DT  cells  and  is 
included  as  a  reference.  Expression  of  TM2  in  DT  cells  does  not  alter  anchorage  independent  growth,  and 
therefore,  not  depicted. 
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Expression  of  TM1-TM2  chimera  which  contains  the  amino  terminal  portion  of 
TM1  (Figure  10)  induced  stress  fibers  in  DT  cells  (Figure  12).  However,  expression  of 
the  chimera  resulted  in  extensive  endoreduplication,  which  precluded  the  isolation  of 
single  cell  clones  for  further  study  [10].  Thus,  collectively  our  results  show  that  the 
amino  terminus  is  critical  for  TM1 -induced  cytoskeletal  reorganization  and  suppression 
of  malignant  growth.  Current  efforts  are  now  directed  at  further  defining  the  ‘domains’ 
in  the  amino  terminal  region  of  TM1  that  induce  stress  fibre  formation  and  suppression  of 
anchorage  independent  growth. 


Figure  12.  TM1-TM2  chimera  induces  stress  fiber  formation:  A.  B.  DT  cells  transected  with  empty 
pIRES2-EGFP  (vector  control)  and  the  chimera  (TM1-TM2  chimera)  cells  were  stained  with  TM31 1 
antibody  and  phalloidin.  Expression  of  TM1-TM2  chimera  results  in  the  assembly  of  stress  fibers  that  are 
stained  with  TM  antibody  and  phalloidin.  The  inset  in  the  TM1-TM2  chimera  cells  (TM-  panel)  shows 
the  presence  of  organized  bundles  of  microfilaments  at  a  higher  magnification.  The  stress  fibers  in  the 
chimera  transfected  cells  costain  with  TM  antibody  and  phalloidin  and  traverse  the  cell.  The  vector 
control  cells  lack  TM-positive-microfilaments  and  resemble  the  parental  DT  cells.  Both  cell  types  are 
positive  for  GFP,  as  indicated.  Bar  10pm. 
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Key  Research  accomplishments 

•  TM1  is  downregulated  in  breast  tumors,  and  the  loss  of  TM1  may  be  a  useful  biomarker 
of  breast  cancer. 

•  Consistent  downregulation  of  TM1  is  a  feature  of  breast  cancer  cells.  Some  lung  and 
colon  cancer  cells,  and  melanoma  cells  express  TM1 . 

•  TM1  is  a  suppressor  of  MCF-7  and  MDA  MB  231  cells.  This  finding  supports  that  TM1 
is  a  general  suppressor  of  cellular  transformation. 

•  TM1  is  downregulated  by  gene  methylation  and  histone  deacetylation. 

•  N-terminal  modification  of  TM1  abolishes  the  tumor  suppression 

•  Amino  terminal  portion  of  TM1  is  critical  for  cytoskeletal  reorganization  and  suppression 
of  anchorage-independent  growth 

•  TM2  is  not  a  tumor  suppressor. 

•  TM1  induces  anoikis  in  breast  cancer  cells. 

•  The  loss  of  TM1  may  fecilatate  the  metastatic  growth  of  breast  tumor  cells. 
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3.  MCF-7  and  MDA  MB  231  cells  which  express  various  isoforms  of  TM1,  including  TM1. 

4.  A  TM1  -specific  antibody 
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Conclusions 

In  summary,  the  major  accomplishments  of  our  work  for  are  two  fold:  First,  we 
demonstrated,  for  the  first  time,  that  TM1  is  downregulated  in  breast  tumors.  While  TM1  has 
been  known  to  bind  and  stabilize  actin  microfilaments  for  a  long  time,  its  role  in  modulating 
tumor  growth  is  now  becoming  evident.  Second,  we  have  demonstrated  that  TM1  is  a 
suppressor  of  the  malignant  growth  of  breast  cancer.  The  discovery  that  TM1  expression  is 
significantly  downregulated  in  invasive  breast  tumors  suggests  TM1  could  be  used  as  a  novel 
biomarker. 

There  is  a  significant  increase  in  the  detection  of  smaller  breast  masses  due  to  sensitive 
mammographic  techniques,  and  it  is  necessary  to  determine  whether  they  are  benign  and  have 
the  potential  to  become  malignant.  A  suitable  molecular  marker,  such  as  TM1,  which  is  altered 
only  in  malignant  tissues  may  be  a  useful  surrogate  marker  in  this  regard.  Continued  expression 
of  TM1  at  significant  levels  would  indicate  that  the  tissue  is  benign,  or  a  decrease  in  TM1 
expression  would  suggest  a  need  for  further  evaluation. 

TM1  may  also  serve  as  a  marker  to  determine  the  endpoint  or  efficacy  of  novel  therapies 
involving  inhibition  of  DNA  methyl  transferases  and  histone  deacetylases  [11].  Since  TM1  gene 
is  silenced  by  gene  methylation  and  histone  deacetylation,  these  therapies  would  upregulate  TM1 
expression  and  other  key  genes  that  are  essential  for  normal  growth  [11].  Upregulated  TM1  may 
serve  as  a  marker  for  the  effectiveness  of  the  drugs,  and  reactivated  TM1  itself  may  contribute  to 
the  suppression  of  malignant  growth,  as  shown  in  the  culture  experiments  [2], 

The  finding  that  TM1  induces  anoikis  [3]  may  explain  why  TM1  is  downregulated  in 
primary  breast  tumors.  The  resistance  to  anoikis  is  considered  to  be  a  essential  for  metastatic 
growth  [12].  Furthermore,  we  also  find  that  TM1  inhibits  binding  of  breast  cancer  cells  to 
collagenl  matrices  specifically  (work  in  progress).  Binding  to  collagen  is  considered  to  be  a 
necessary  for  efficient  invasion  of  bone  [13].  Therefore,  investigations  into  how  TM1  decreases 
binding  to  collagen  may  lead  to  better  strategies  to  treat  breast  cancer.  Work  along  those  lines  is 
in  progress. 
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Cytoskeletal  organization  in  tropomyosin-mediated  reversion  of 
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Tropomyosin  (TM)  family  of  cytoskeletal  proteins  is 
implicated  in  stabilizing  actin  microfilaments.  Many  TM 
isoforms,  including  tropomyosin-1  (TM1),  are  down- 
regulated  in  transformed  cells.  Previously  we  demon¬ 
strated  that  TM1  is  a  suppressor  of  the  malignant 
transformation,  and  that  TMI  reorganizes  microfila- 
ments  in  the  transformed  cells.  To  investigate  how  TM1 
induces  microfilament  organization  in  transformed  cells, 
we  utilized  ras-transformed  NIH3T3  (DT)  cells,  and 
those  transduced  to  express  TM1,  and/or  TM2. 
Enhanced  expression  of  TM1  alone,  but  not  TM2, 
results  in  re-emergence  of  microfilaments;  TM1,  together 
with  TM2  remarkably  improves  microfilament  architec¬ 
ture.  TM1  induced  cytoskeletal  reorganization  involves 
an  enhanced  expression  of  caldesmon,  but  not  vinculin,  a- 
actinin,  or  gelsolin.  In  addition,  TM1 -induced  cytoske¬ 
letal  reorganization  and  the  revertant  phenotype  appears 
to  involve  re-activation  of  RhoA  controlled  pathways  in 
DT  cells.  RhoA  expression,  which  is  suppressed  in  DT 
cells,  is  significantly  increased  in  TMl-expressing  cells, 
without  detectable  changes  in  the  expression  of  Rac  or 
Cdc42.  Furthermore,  expression  of  a  dominant  negative 
Rho  kinase,  or  treatment  with  Y-27632  disassembled 
microfilaments  in  normal  NIH3T3  and  in  TMI  expres¬ 
sing  cells.  These  data  suggest  that  reactivation  of  Rho 
kinase  directed  pathways  are  critical  for  TMl-mediated 
microfilament  assemblies.  Oncogene  (2001)  20,  2112  — 
2121. 

Keywords:  tropomyosin;  cytoskeleton;  Rho  kinase 


Introduction 

Expression  of  many  cytoskeletal  proteins  is  down- 
regulated  during  neoplastic  transformation,  resulting  in 
an  altered  cell  morphology,  reorganization  of  cytoarch- 
itecture,  cell  motility,  and  possibly  contributing  to 
changes  in  gene  expression  by  modulating  intracellular 
signaling  pathways  (Button  et  al.,  1995;  Janmey  and 
Chaponnier,  1995).  For  example,  many  microfilament 
associated  proteins  such  as  a-actinin,  vinculin,  gelsolin 
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and  tropomyosins  (TMs)  are  suppressed  to  varying 
degrees  in  many  transformed  cells  (Ben-Ze’ev,  1997). 
Furthermore,  restoration  of  these  proteins  inhibits  the 
malignant  phenotype  of  many  different  experimentally 
transformed  cell  lines,  underscoring  the  pivotal  role  of 
cytoskeletal  organization  in  maintaining  a  normal 
phenotype  (Ayscough,  1998;  Janmey  and  Chaponnier, 
1995).  Our  laboratory  has  been  interested  in  under¬ 
standing  the  role  of  cytoskeletal  proteins,  in  particular 
that  of  tropomyosins,  in  malignant  transformation. 

Tropomyosin  (TM)  family  comprises  of  5-7 
different  closely  related  isoforms,  whose  expression  is 
altered  in  many  transformed  cells  (Lin  et  alt,  1997; 
Pittenger  et  ah ,  1994).  For  example,  suppression  of 
high  Mr  TMs,  viz.,  isoforms  1  and  2  (TMI  and  TM2, 
respectively),  is  nearly  universal  in  all  the  transformed 
cell  lines  tested,  while  elevated  levels  of  the  low  Mr 
species  such  as  TM4  and  TM5  are  reported  in  some 
malignant  cell  types  (Bhattacharya  et  al.,  1990;  Cooper 
et  al.,  1985,  1987;  Hendricks  and  Weintraub,  1981; 
Leavitt  et  al.,  1986;  Matsumura  et  al.,  1983).  Although 
all  TMs  bind  to  actin  with  varying  binding  affinities, 
the  precise  function  of  each  of  the  isoforms  remains 
largely  unknown.  Other  actin  binding  proteins,  such  as 
caldesmon,  also  influence  TM  binding  to  actin  to 
varying  degrees  (Pittenger  et  al.,  1995).  Our  efforts  to 
elucidate  the  causal  relationship  between  tropomyosin 
expression  and  cell  phenotype  have  uncovered  sig¬ 
nificant  fundamental  differences  in  the  roles  of  TM 
isoforms  in  cell  physiology  (Braverman  et  al.,  1996; 
Prasad  et  al.,  1993;  Shah  et  al.,  1998). 

In  DT  (v-Af-ras-transformed  NIH3T3)  cells,  TMI 
expression  is  suppressed  to  50%  levels  found  in  normal 
fibroblasts,  but  TM2  levels  are  essentially  undetectable 
(Cooper  et  al.,  1985;  Prasad  et  al.,  1993).  DT  cells  are 
spindle  shaped  with  no  defined  microfilament  struc¬ 
tures  and  are  highly  malignant.  Transduction  of  DT 
cells  with  a  cDNA  encoding  TMI  protein  results  in 
reorganization  of  cytoskeleton  with  well-defined  micro¬ 
filaments.  More  significantly,  elevated  TMI  levels 
inhibited  the  transformed  phenotype  of  DT  cells, 
culminating  in  a  stable  revertant  phenotype  (Braver¬ 
man  et  al.,  1996;  Prasad  et  al.,  1993).  In  addition,  TMI 
also  suppresses  v-src-induced  transformed  phenotype, 
suggesting  that  TM  1  may  be  a  general  suppressor  of 
transformation  that  belongs  to  class  II  tumor  suppres¬ 
sors  (Prasad  et  al.,  1999).  On  the  contrary,  restoration 
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of  expression  of  TM2  protein  did  not  improve  the 
cytoskeieton,  and  the  cells  remained  transformed, 
resembling  DT  cells  (Braverman  et  al.,  1996).  Co¬ 
expression  of  TM2  with  TM1,  however,  dramatically 
improved  microfilaments,  similar  to  those  in  normal 
NIH3T3  cells:  DT  cells  expressing  TM1  and  TM2 
exhibit  a  revertant  phenotype  (Shah  et  al.,  1998).  It  is 
intriguing  that  TM1,  an  actin  binding  protein 
reorganizes  the  cytoskeieton  and  restores  the  normal 
growth  phenotype,  while  the  other  closely  related  TMs 
despite  their  ability  to  bind  to  actin  are  unable  to 
modulate  cytoarchitecture  and  growth  phenotypes 
(Braverman  et  al.,  1996;  Pittenger  et  al.,  1994).  While 
TM1  alone  is  able  to  organize  the  other  cytoskeletal 
proteins  into  microfilaments  to  an  appreciable  degree, 
together  with  TM2  it  restores  the  cytoarchitecture  to 
the  extent  found  in  normal  cells. 

The  restored  cytoskeieton  may  be  important  for  the 
anti-oncogenic  effects  of  TM1.  In  the  transformed  cells, 
along  with  TMs,  the  expression  myosin  light  chain  and 
many  other  key  microfilament  proteins  are  also 
suppressed  (Ben-Ze’ev,  1997;  Janmey  and  Chaponnier, 
1995;  Kumar  and  Chang,  1992).  To  elucidate  the 
nature  of  TM1 -induced  formation  of  microfilaments, 
we  have  evaluated  the  changes  in  the  expression  of 
other  key  cytoskeletal  proteins  and  tested  the  stability 
of  TM1 -induced  cytoskeieton  in  the  DT  cell  system 
described  above.  Reorganization  of  cytoskeieton, 
arising  from  the  forced  expression  of  TM1,  will  have 
to  involve  recruitment  of  some  of  the  other  cytoskeletal 
proteins  from  the  existing  pool;  alternatively,  through 
yet  unknown  mechanisms,  TM1  might  contribute  to  an 
increase  in  their  synthesis.  Our  results,  for  the  first 
time,  show  that  TM1  reorganizes  cytoskeieton  via  both 
of  these  mechanisms.  We  also  provide  evidence  for  the 
involvement  of  Rho-regulated  pathways,  in  the  emer¬ 
gence  of  microfilaments.  These  pathways  could  play  a 
critical  role  in  modulating  gene  expression,  to 
culminate  in  a  revertant  phenotype. 


Results 

Expression  of  cytoskeletal  proteins  in  TM1  mediated 
reversion 

To  investigate  the  role  of  TMs  in  cellular  transforma¬ 
tion,  we  generated  several  cell  lines  of  DT  expressing 
TM1  (DT/TM1  cells),  TM2  (DT/TM2  cells)  or  both 
the  TMs  (DT/TM1-TM2  cells)  by  introduction  of 
cDNAs  encoding  TM1,  TM2  or  both  the  TMs, 
respectively  (Table  1;  Figure  1)  (Braverman  et  al., 
1996;  Prasad  et  al,  1991,  1993;  Shah  et  al.,  1998).  In 
transformed  cells,  in  addition  to  TMs,  many  other 
proteins  including  those  associated  with  microfilaments 
are  also  suppressed.  For  example,  expression  of 
gelsolin,  vinculin,  a-actinin  and  caldesmon  is  down- 
regulated  in  many  transformed  cells  and  tumors  (Asch 
et  al.,  1999;  Ben-Ze’ev,  1997;  Button  et  al.,  1995; 
Janmey  and  Chaponnier,  1995;  Mielnicki  et  al.,  1999). 
Given  the  high  degree  of  the  malignant  nature  of  DT 
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cells,  these  changes  are  expected  to  be  extensive.  It 
should  be  noted  that  TM1  and  TM2  share  extensive 
homology,  yet  only  TM1  is  capable  of  reorganizing 
microfilaments  and  suppressing  the  Ras-induced  trans¬ 
formed  phenotype  (Braverman  et  al.,  1996;  Shah  et  al., 

1998).  The  properties  of  microfilaments  induced  by 
TM1  in  DT  cells  could  significantly  differ  because  the 
expression  of  many  components  is  likely  to  remain 
repressed  due  to  the  continued  oncogenic  action  of 
Ras.  To  understand  the  molecular  basis  of  reorganiza¬ 
tion  of  cytoskeieton  in  DT/TM1  and  DT/TM1-TM2 
cells,  expression  of  some  of  the  key  microfilament- 
associated  proteins  was  investigated  in  normal 
NIH3T3,  DT,  DT  cells  transduced  with  an  empty 
pBNC  vector  (DT/V),  DT/TM1,  DT/TM2  and  DT/ 
TM1-TM2  cells. 

Vinculin  expression  was  significantly  lower  in  DT 
and  the  derived  cell  lines  compared  to  normal 
fibroblasts  (Figure  2a),  a  finding  consistent  with  the 
published  data  (Rodriguez  Fernandez  et  al.,  1992). 
Immunoprecipitation  followed  by  Western  blotting 
with  a  specific  antibody  revealed  that  expression  of 
vinculin  remained  low  in  the  cell  lines  derived  from 
DT,  regardless  of  the  phenotype.  Then  we  investigated 
whether  TM1  expression  modulates  distribution  of 
vinculin  in  focal  adhesions  by  confocal  microscopy 
(Figure  2b).  The  samples  were  stained  with  anti- 
vinculin  antibody  optically,  sectioned  with  a  confocal 
microscope  and  the  composite  images  are  presented.  In 
normal  NIH3T3  cells,  vinculin  was  well  spread  through 
out  the  cell  body  and  organized  as  dense  particles, 
indicative  of  focal  adhesions.  In  DT  cells,  where  a  25- 
30%  reduction  in  vinculin  levels  is  noted,  a  different 
organization,  consistent  with  the  lack  of  microfila¬ 
ments,  was  observed:  vinculin  is  mostly  concentrated  to 
the  perinuclear  area.  In  DT/TM1  cells,  the  vinculin 
staining  is  more  spread  out.  In  cells  expressing  both 
TM1  and  TM2,  however,  vinculin  was  spread  more 
evenly  in  the  cell  body,  with  the  presence  of  ‘speckled’ 
appearance  indicating  a  better  organization.  The 
samples  were  also  stained  for  the  presence,  of  actin 
filaments  by  Texas-Red  conjugated  phalloidin  (data 
not  shown). 

Caldesmon,  which  regulates  binding  of  TMs  to 
microfilaments,  is  also  down  regulated  in  transformed 
cells.  Data  of  Figure  3a  show  that  expression  of 
caldesmon  mRNA  is  suppressed  40%  in  DT,  DT/V 
and  DT/TM2  cells.  However,  in  DT/TM1  (90%)  and  ' 
DT/TM1-TM2  («100%)  cells  caldesmon  mRNA 
expression  is  nearly  restored  to  the  levels  found  in 
normal  fibroblasts.  Caldesmon  protein  levels  were  also 
enhanced  in  the  revertant  DT/TM1  and  DT/TM1-TM2 
cells,  compared  to  the  parental  DT  cells,  as  determined 
by  immunoblotting  (Figure  3b). 

On  the  other  hand,  there  are  no  consistent  changes 
in  the  expression  of  a-actinin  in  NIH3T3,  DT  and  the 
derived  cell  lines  (data  not  shown).  In  normal 
fibroblasts,  transformed  and  the  revertant  cells,  a- 
actinin  levels  did  not  change  appreciably.  However,  in 
cell  lines  expressing  TM2,  there  appears  to  be  a  modest 
decrease  in  a-actinin  levels.  Western  blotting  with  anti- 
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Table  1  DT  cell  model  system 


Cell  line 

Derived  from 

Generated  by 

Growth  phenotype 

TM1  expression 

TM2  expression 

TM3  expression 

NIH3T3  cells 

Parent  cells 

Parent  cells 

Normal 

+  + 
normal 

+  + 
normal 

+  + 
normal 

DT 

NIH3T3 

Transformation  with  two 
copies  of  v-Ki-ras 

Malignant 

(50%  decrease) 

(not  detectable) 

(not  detectable) 

DT/TM1 

DT 

Transduction  with 

TM1  cDNA 

Revertant 

>  +  + 

(enhanced) 

(not  detectable) 

(not  detectable) 

DT/TM2 

DT 

Transfection  with 

TM2  cDNA 

Malignant 

+ 

(same  as  in  DT) 

>  +  + 

(enhanced) 

(not  detectable) 

DT/TM1-TM2 

DT/TM1 

Transfection  with 

TM2  cDNA 

Revertant 

^  +  + 

(enhanced) 

^  +  + 

(enhanced) 

(not  detectable) 

Normal  NIH3T3  cells  have  been  transformed  by  two  coies  of  v-ki-ras  to  generate  DT  cells,  which  express  decreased  TM1,  and  no  detectable 
TM2  or  TM3.  Transduction  of  DT  cells  with  a  recombinant  retrovirus  to  express  high  levels  of  TM1  reverts  DT  cells  to  normal  phenotype  with 
a  well  spread  morphology  and  microfilaments  (DT-TM1).  Restoration  of  TM2,  however,  does  not  alter  the  cell  morphology  or  the  phenotype 
(DT-TM2).  But  co-expression  of  'TM2  remarkably  improves  the  microfilament  architecture  of  DT/TM1  cells  (DT/TM1-TM2).  Growth 
phenotypes  of  the  cell  lines  is  indicated  ‘\ 
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Figure  1  TM  expression  in  DT  cell  lines:  Western  blotting  of 
cell  lysates  probed  with  anti-TM  antiserum  that  recognizes 
multiple  TMs.  Positions  of  TM1  and  TM2  are  indicated.  Please 
note  that  TM2  and  TM3  co-migrate  in  this  experiment.  Two 
dimensional  gel  analyses  of  TM  expression  from  these  cell  lines 
are  published  previously  (7,  13-16).  Normal  NIH3T3  cells 
express  all  the  TM  isoforms,  while  in  DT  cells  (and  in  vector 
control  DT/V),  expression  of  TM2  and  TM3  is  undetectable,  with 
a  50%  decrease  in  TM1  expression.  In  DT/TM1  cells  TM1 
expression  is  enhanced,  and  DT/TM2  cells  overexpress  TM2.  DT/ 
TM1-TM2  cells  manifest  elevated  levels  of  TM1  and  TM2 


gelsolin  antibody  revealed  that  there  is  a  detectable 
decrease  (in  relation  to  tubulin  expression)  in  the 
expression  in  DT  and  DT/V  cells  when  compared  to 
untransformed  cells.  Gelsolin  levels  did  not  signifi¬ 
cantly  change  in  DT/TM1  or  DT/TM2,  but  are 
enhanced  in  DT/TM1-TM2  cells,  to  the  levels  found 
in  normal  fibroblasts  (data  not  shown). 


NJH3T3  DT 


DT/TW1-TM2  DT/TNIt 


Expression  of  Rho-family  of  regulatory  proteins 

Ras-related  Rho  family  of  GTPases  is  widely  recog¬ 
nized  as  the  regulators  of  cytoskeletal  integrity  and 
gene  expression  (Hall,  1998;  Khosravi-Far  et  al.,  1998). 
While  Rho  is  implicated  in  the  formation  of  microfila¬ 
ments,  Rac  regulates  lamellipodia  and  membrane 


Figure  2  Vinculin  expression:  (a)  Cytosolic  extracts  from  the 
indicated  cell  lines  were  prepared,  immunoprecipitated  and 
Western  blotted  with  anti-vinculin  antibody,  as  described  in 
Materials  and  methods.  Control  indicates  a  positive  cell  line- 
lysate  supplied  along  with  the  antibody  (Sigma  chemical 
company),  (b)  Immunocytochemical  staining  of  vinculin  was 
performed  with  indicated  cell  lines..  Samples  were  optically 
sectioned  and  the  composite  images  were  projected 
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B.  Western  blotting 


caldesmon 

a-tubulin 


Figure  3  Caldesmon  expression:  (a)  Northern  blotting.  20  fig  of 
total  RNA  from  the  indicated  cell  lines  were  loaded  and 
hybridized  against  a  full-length  caldesmon  cDNA.  The  membrane 
was  stripped  and  reprobed  with  a  /3-actin  probe  for  control 
purposes,  (b)  Western  blotting.  Total  cytosolic  extracts  (100  fig) 
were  reacted  to  anti-caldesmon  antibody  as  described  in  Materials 
and  methods.  For  control  purposes,  the  membrane  was  stripped 
and  probed  with  a-tubulin 


ruffling  and  Cdc42  induces  filopodia  (microspikes).  We 
investigated  whether  the  observed  reorganization  and 
cell  spreading  involves  changes  in  levels  of  Rho  family 
of  proteins.  Immunoprecipitation  followed  by  immu- 
noblotting  with  anti-RhoA  antibodies  indicates  that 
RhoA  expression  is  lower  in  DT  cells,  while  in  normal 
fibroblasts  it  is  readily  detectable  (Figure  4a).  Similarly 
in  the  vector  control  DT  cells  and  those  expressing 
TM2,  RhoA  levels  remained  low.  But  in  the  DT/TM1 
and  DT/TM1-TM2  cells,  RhoA  expression  is  increased 
to  normal  levels.  For  control  purposes  and  to  test  the 
specificity,  the  antibody  was  first  reacted  with  the 
immunogen  (blocking  peptide)  and  used  for  immuno¬ 
precipitations  (data  not  shown).  In  these  experiments, 
as  expected,  no  RhoA  signal  was  detected  in  any  of  the 
lysates  employed. 

Western  blotting  with  Rac  antibody  indicated  a 
modest  increase  in  DT  cells,  compared  to  NIH3T3 
cells.  But  no  clear-cut  changes  in  Rac  expression  were 
discernible  (Figure  4b).  Immunoprecipitation  and 
immunoblotting  with  anti-Cdc42  also  did  not  reveal 
any  appreciable  changes  (Figure  4c).  These  results 
indicate  that  TM1  expression  enhances  RhoA  protein, 
which  is  likely  to  orchestrate  the  reorganization  of 
cytoskeleton. 


Stability  of  TM1  induced  cytoskeleton 

As  noted  above,  the  expression  of  many  cytoskeletal 
proteins  (including  other  TMs),  is  not  completely 
restored  in  TM1  -expressing  DT  cells.  In  addition, 


Figure  4  Expression  of  Rho  family  GTPases:  (a)  RhoA 
expression  was  determined  by  immunoprecipitations  followed  by 
Western  blotting.  Two  hundred  and  fifty  fig  of  total  cytosolic 
proteins  were  immunoprecipitated  with  anti-RhoA  antibodies.  All 
the  samples  were  immunoblotted  for  RhoA  expression,  (b)  Rac 
expression  was  determined  by  immunoblotting  using  a  mono¬ 
clonal  antibody  (Upstate  Biotechnologies)  in  the  total  cell  lysates 
(25  fig),  (c)  Cdc42  expression  was  determined  in  250  fig  of  total 
cytosolic  proteins  by  immunoprecipitations  and  Western  blotting 
using  a  monoclonal  antibody  (Santa  Cruz  Biotechnology) 


TMs  are  hypothesized  to  function  as  dimers;  they 
could  form  homodimers  as  well  as  heterodimers.  These 
and  other  interactions  may  not  be  completely  restored 
in  the  revertants  of  DT,  notwithstanding  the  re- 
emergence  of  microfilaments.  Because  of  these  reasons, 
we  investigated  whether  TM1 -induced  cytoskeleton  is 
as  stable  as  the  one  in  NIH3T3  cells:  one  established 
technique  involves  treatment  of  the  cells  with  fungal 
toxins  such  as  cytochalasins  (Warren  et  al.,  1995). 
NIH3T3,  DT/TM1  and  DT/TM1-TM2  cells  were 
incubated  with  cytochalasin  D  for  different  time 
periods  and  stained  for  TMs  with  an  antibody  (green) 
and  actin  (red).  In  normal  NIH3T3  cells,  after  5  min  of 
addition  of  the  drug,  microfilaments  were  clearly  visible 
and  intact.  After  10  min  of  treatment,  although 
microfilaments  were  present,  they  appeared  to  be  less 
prominent  (Figure  5a).  In  contrast,  in  DT/TM1  cells, 
effects  of  cytochalasin  D  were  profound;  as  early  as  in 
5  min,  the  cells  were  rounded,  with  no  evidence  of  any 
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organized  actin  filaments  (Figure  5b).  DT/TM1-TM2 
cells  were  more  resistant  than  TM1  alone  expressing 
cells.  Cytochalasin  D  treatment  had  modest,  but 
readily  detectable  effects  on  actin  microfilaments  in 
5  min,  which  were  more  pronounced  in  10  min  (Figure 
5c).  Accumulation  of  patches  of  actin  along  more 
defined  structures  is  evident  in  5  min  of  treatment, 
while  more  extensive  destruction  of  cytoskeleton  is 
observed  in  10  min.  Thus,  restoration  of  TM1 
expression  is  adequate  to  form  microfilaments  in  DT 
cells,  but  these  structures  are  rather  labile.  However, 
co-expression  of  TM2  not  only  significantly,  improves 
the  cytoskeletal  architecture,  but  also  stabilizes  micro¬ 
filaments.  In  all  of  the  cell  lines,  changes  in  actin 
staining  closely  mirrored  that  of  TM.  DT  and  DT/ 
TM2  cells  were  not  employed  in  this  study,  since  they 
lack  defined  microfilaments  to  begin  with. 


Rho-kinase  pathway 

Rho-mediated  contractility  is  critical  for  the  assembly 
of  stress  fibers  and  focal  adhesions  (Chrzanowska- 
Wodnicka  and  Burridge,  1996).  Rho  kinase 
(pl60ROCK)  is  a  key  effector  of  Rho-mediated 
signaling  (Matsui  et  al.,  1996;  Narumiya  et  al.,  1997). 
Among  the  pathways  controlled  by  PI 60 ROCK, 
regulation  of  microfilaments  by  phosphorylation  of 
myosin  light  chain  kinase  and  myosin-binding  subunit 
of  myosin  phosphatase  is  a  prominent  one  (Amano  et 
al.,  1996,  1997).  Therefore,  to  investigate  whether  the 
re-emergence  of  microfilaments  in  TM1  expressing  cells 
occurs  through  Rho  kinase  directed  pathways,  we 
employed  two  different  approaches  to  disrupt  possible 
p!60ROCK  signaling;  transient  transfection  of  DT/ 
TM1  cells  with  dominant  negative  variants  of 


A.  N1H3T3  Cells 

Control  5  min.  tO  min. 


B,  DT/TM1  cells 
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Figure  5  Stability  of  the  cytoskeleton:  NIH3T3  cells  (a),  DT/TM1  (b)  and  DT/TM1-TM2  (c)  were  treated  with  cytochalasin  D  at 
0.5  Mg/ml  for  5  or  10  min  and  cells  were  stained  for  TMs  and  actin.  Control  samples  were  untreated.  Green:  TMs  as  visualized  by 
anti-rabbit  second  antibody  conjugated  to  FITC;  and  red:  Actin  microfilaments  by  Texas  red  conjugated  phalloidin.  DT/TM1  cells 
had  essentially  no  cytoskeleton  by  5  min  of  treatment  and  therefore,  the  10  min  treatment  data  are  not  shown.  Since  the  actin- 
staining  and  TM  staining  was  essentially  identical,  only  actin  pattern  was  shown  for  the  treatments 
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pl60Rock  (Amano  et  al.,  1997),  and  treatment  of  cells 
with  a  specific  inhibitor  of  pl60ROCK,  Y27632  were 
used  (Sahai  et  al.,  1999). 

We  tested  the  importance  of  Rho  kinase  signaling 
in  maintenance  of  microfilaments  by  transient  trans¬ 
fection  of  DT/TM1-TM2  cells  with  a  dominant 
negative  Rho  kinase  construct,  CAT-KD  (Amano  et 
al.,  1997;  Chihara  et  al.,  1997).  NIH3T3  cells  were 
also  transfected  with  CAT-KD  for  control  purposes. 
In  this  experiment,  actin  filaments  were  visualized  by 
staining  with  phalloidin:  simultaneous  staining  for 
myc  tag  allowed  the  detection  of  transfected  cells 
(Figure  6a, c),  because  the  construct  was  tagged  with  a 
myc  epitope.  As  evident  from  Figure  6b, d,  expression 
of  CAT-KD  resulted  in  a  severe  disruption  of 
microfilaments  in  NIH3T3  cells  and  DT/TM-TM2 
cells.  CAT-KD  expression  resulted  in  aggregation  of 
actin  into  patches,  with  a  profound  decrease  in  the 
stress  fibers.  Similar  results  were  obtained  with  DT / 
TM1  cells  also  (data  not  shown). 
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Treatment  of  NIH3T3  cells  with  20  fiM  Y27632  for 
15  min  did  not  have  significant  effects  on  the  cell 
spreading,  but  resulted  in  a  decrease  of  microfilaments 
as  observed  by  actin  staining  (Figure  7).  A .  significant 
loss  of  microfilaments  and  shrinkage  of  cell  mass  was, 
however,  evident  by  30  min.  Tropomyosin  staining 
pattern  was  identical  to  that  of  f-actin  in  all  the  cell 
types  also,  and  hence  data  are  not  presented.  In  DT 
cells,  where  no  detectable  microfilaments  are  absent, 
the  effects  of  the  drug  were  less  obvious.  Incubation 
with  Y27632  for  15  and  30  min  resulted  in  a  similar 
morphology  (Figure  7c, d).  The  spindle  shaped  DT  cells 
assumed  a  round  morphology  with  cytoplasmic 
extensions  containing  actin  and  TMs.  In  DT/TM1 
and  DT/TM1-TM2  cells,  the  effects  of  the  inhibitor 
were  far  more  extensive.  Fifteen  minutes  of  treatment 
of  the  drug  resulted  in  severe  disruption  of  microfila¬ 
ment  network  and  cell  morphology  of  the  revertants 
(Figure  7e,g),  although  the  effects  were  more  pro¬ 
nounced  in  DT/TM1  cells  (Figure  7e)  than  in  DT/ 
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Figure  6  Effect  of  expression  of  dominant  negative  Rho  kinase  expression:  Myc-epitope  tagged  dominant  negative  Rho  kinase 
constructs  (pEF-BOS-myc  Rho  kinase/CAT-KD)  was  used  for  transfection  of  NIH3T3  (a,b)  and  DT/TM1-TM2  (c,d)  cells.  Cells 
were  stained  for  the  expression  of  the  transfected  cDNA  using  anti-myc-epitope  antibody  (green),  and  microfiiaments  by  Texas  Red 
conjugated  phalloidin.  Images  were  viewed  with  an  Olympus  confocal  microscope.  Microfilament  organization  was  severely 
disrupted  in  the  transfected  cells,  as  evidenced  by  patchy  staining  of  actin,  in  the  cells  expressing  CAT-KD  (green) 


Oncogene 


Tropomyosin-1  Induced  cytoskeleton 

V  Shah  et  a / 


2118 


Figure  7  Effect  of  Y-27632  (Rho  kinase  inhibitor)  on  TM1- 
induced  cytoskeleton:  NIH3T3  (a,b),  DT  (c,d),  DT/TM1  (e,t)  and 
DT/TM1-TM2  (g,h)  cells  were  treated  with  20  /im  of  Y27632  for 
15  min  (a,c,e,g),  or  for  30  min  (b,d,f,h).  Cells  were  stained  with 
phaltoidin  and  photographed  using  a  confocal  microscope.  The 
sizing  bar  indicates  20  /mi 


TM1-TM2  cells  (Figure  7g).  A  lack  of  any  organized 
microfilaments  was  evident  in  both  cell  types  (Figure 
7e-h).  It  should  be  noted  that  in  NIFI3T3  cells  treated 
with  Y-27632  a  few  microfilaments  still  remain  (Figure 
7b),  indicating  either  a  partial  inhibition  of  the  enzyme, 
or  a  possible  participation  of  a  different  pathway. 
Under  these  conditions,  however,  in  DT/TM1  and  DT/ 
TM1-TM2  cells  complete  disintegration  of  microfila¬ 
ment  network  is  evident  (Figure  7f,h).  These  data 
indicate  that  pl60ROCK  signaling  is  critical  in  the 
maintenance  of  microfilaments  induced  by  TM1. 


Discussion 

Decreased  expression  of  many  actin-binding  proteins, 
including  that  of  TM1,  in  transformed  cells  is 
considered  to  be  a  contributing  factor  of  the  neoplastic 
phenotype  (Ben-Ze’ev,  1997;  Button  et  al.,  1995; 
Janmey  and  Chaponnier,  1995).  Restoration  of  TM1 
expression  abolishes  the  malignant  phenotype,  indicat¬ 
ing  that  TM1  is  a  class  II  tumor  suppressor  (Prasad  et 
al.,  1999).  Nevertheless,  the  underlying  pathways 
involved  in  cytoskeletal  reorganization  by  TM1  in  the 
transformed  cells  are  not  completely  understood. 


We  hypothesized  that  TM1 -induced  reversion  of  the 
malignant  phenotype  involves  the  restructuring  of 
microfilaments  and  the  modulation  of  signaling  path¬ 
ways  controlled  by  ms  oncogene.  Reorganization  of 
microfilaments  requires  participation  of  many  other 
cytoskeletal  proteins.  In  transformed  cells,  the  levels  of 
other  actin-binding  proteins,  in  addition  to  tropomyo¬ 
sins,  are  suppressed.  In  DT/TM1,  DT/TM2  and  DT/ 
TM1-TM2  cells,  expression  of  TM1,  TM2  and  both 
TMs  is  restored  respectively,  but  the  levels  of  other 
cytoskeletal  proteins  are  not  experimentally  altered.  In 
fact,  expression  of  a-actinin,  gelsolin  and  vinculin 
which  are  also  known  suppressors  of  transformation 
(Gluck  et  al.,  1993;  Rodriguez  Fernandez  et  al.,  1992) 
are  not  consistently  altered  in  our  revertant  cells  (data 
not  shown).  However,  vinculin  appeared  to  organize 
better  in  the  revertant  cells,  perhaps  reflecting 
improved  microfilament  architecture  (Figure  2b).  These 
data  are  consistent  with  the  earlier  reports  that  TM 
expression  is  not  altered  in  the  revertants  produced  by 
forced  expression  of  either  a-actinin  or  vinculin,  thus 
suggesting  the  possible  modes  of  reversion  of  the 
transformed  phenotype  by  these  cytoskeletal  proteins 
could  be  distinct  (Gluck  et  al.,  1993;  Rodriguez 
Fernandez  et  al.,  1992). 

A  more  notable  and  significant  change  is  that 
caldesmon  expression  is  specifically  restored  in  TM1- 
expressing  cells,  but  not  in  TM2  expressing  trans¬ 
formed  DT/TM2  cells,  thus  pointing  to  interactions 
between  TM1  and  caldesmon  (Figure  3).  Several  lines 
of  evidence  suggest  that  caldesmon,  which  undergoes 
mitosis-specific  phosphorylation  and  binds  to  actin  in 
Ca2+/calmodulin-regulated  fashion,  functions  synergis- 
tically  with  TMs  to  modulate  the  integrity  of  actin 
cytoskeleton  (Huber,  1997;  Matsumura  and  Yama- 
shiro,  1993);  first,  TMs  and  caldesmon  together  inhibit 
the  gel  severing  activity  of  gelsolin  (Ishikawa  et  al., 
1989a, b);  second,  TMs  and  caldesmon  enhance  each 
others  binding  to  actin  (Ishikawa  et  al.,  1998;  Novy  et 
al.,  1993);  third,  caldesmon  preferentially  increases 
TM1 -binding  to  actin  when  compared  with  that  of 
other  TM  isoforms  with  actin  (Pittenger  et  al.,  1995); 
fourth,  fascin  binding  with  actin  is  shown  to  be 
completely  inhibited  by  caldesmon  and  TMs  together, 
but  little  or  no  effects  were  observed  with  either  protein 
alone  (Ishikawa  et  al.,  1998);  and,  fifth,  caldesmon 
when  phosphorylated,  or  bound  by  calmodulin, 
dissociates  from  actin.  This  results  in  weakening  of 
TM-actin  association,  exposing  actin  filaments  to  the 
action  of  gel-severing  proteins  (Pittenger  et  al.,  1995). 
Furthermore,  increased  expression  of  caldesmon  stabi¬ 
lizes  microfilaments  (Warren  et  al.,  1995,  1996),  and 
caldesmon  levels  are  decreased  in  many  transformed 
cells,  as  shown  in  Figure  3,  and  by  others  (Button  et 
al.,  1995;  Novy  et  al.,  1991).  More  recent  studies 
implicate  caldesmon  in  the  regulation  of  actomyosin 
contractility  and  adhesion-dependent  signaling  in 
fibroblasts  (Helfman  et  al.,  1999). 

TM1 -induced  cytoskeleton  in  DT  cells  appears  to  be 
less  stable  compared  to  that  in  NIH3T3  cells.  The 
entry  of  several  other  proteins  into  the  cytoskeletal 
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compartment  may  also  remain  impaired  in  DT/TM1 
cells,  due  to  the  continued  activity  of  ras  oncogene  in 
these  cells.  However,  co-expression  of  TM2  resulted  in 
a  marked  improvement  both  in  the  organization  and 
stability  of  cytoskeleton,  as  judged  by  the  sensitivity  to 
cytochalasin  D.  It  is  known  that  heterodimers  of  TMs 
are  thermodynamically  preferred  over  homodimers 
(Jancso  and  Graceffa,  1991).  Our  previous  studies 
showed  that  in  DT/TM1  cells,  homodimers  of  TM1  are 
formed  initially  (Prasad  et  al,  1994).  They  are 
presumed  to  exchange  with  heterodimers  consisting  of 
TM1  and  possibly  with  other  low  Mr  TMs,  since  TM2 
and  TM3  are  nearly  lacking  in  these  cells  (Prasad  et  al., 
1994).  In  DT/TM1-TM2  cells,  where  both  TM1  and 
TM2  are  available,  heterodimers  of  TM1  and  TM2  are 
likely  to  exist,  in  addition  to  homodimers  of  TM1  and 
homodimers  of  TM2  (Shah  et  al.,  1998).  These, 
dynamic  multiple  TM  associations  may  exert  more 
stabilizing  influence  and  protect  microfilaments. 

A  possible  pathway  through  which  TM1  could 
induce  microfilaments  and  affect  the  cell  phenotype  is 
via  Rho  directed  signaling  (Narumiya  et  al.,  1997). 
Three  different  lines  of  evidence  support  the  involve¬ 
ment  of  Rho  proteins  in  the  re-emergence  of  micro¬ 
filaments:  (1)  RhoA  expression  is  enhanced  in  TM1 
expressing  cells,  but  not  in  the  cell  lines  of  DT  or  DT/ 
TM2  that  exhibit  transformed  phenotype  and  lack 
microfilaments;  such  changes,  however,  were  not 
detected  in  the  levels  of  Racl  and  Cdc42;  (2)  inhibition 
of  pl60ROCK  with  specific  inhibitor,  Y27632,  lead  to 
the  dissolution  of  microfilaments  in  normal  NIH3T3 
cells  and  TM1  expressing  derivatives  of  DT  cells;  and 
(3)  expression  of  a  dominant  negative  Rho  kinase, 
CAT-KD,  interfered  with  the  microfilament  organiza¬ 
tion  in  NIH3T3  and  DT/TM1-TM2  cells.  The 
demonstration  that  RhoA  is  involved  in  TM1 -induced 
microfilament  formation  complements  the  earlier 
finding  that  RhoA  pathway  may  be  inactivated  in 
Ras  transformation  (Izawa  et  al.,  1998). 

Our  results  are  also  consistent  with  previous  data 
utilizing  dominant  active  variants  Rho  and  Rho-kinase 
that  Rho  proteins  are  required  for  the  assembly  of  stress 
fibers  (Izawa  et  al.,  1998).  However,  our  results 
demonstrating  the  involvement  of  Rho  proteins  in 
restoration  of  microfilaments  differ  with  those  of  other 
researchers  who  showed  that  Rho  proteins  are  required 
for  Ras  transformation,  and  constitutively  activated  of 
RhoA  could  transform  the  cells  (Khosravi-Far  et  al., 
1995;  Prendergast  et  al.,  1995;  Qiu  et  al.,  1995). 
Enhanced  TM1  expression  resulted  in  elevated  RhoA 
proteins,  and  microfilaments  appears  to  be  assembled 
via  pl60RC)CK  pathway.  Thus,  in  DT  cells,  oncogenic 
Ras  signaling  may  be  channeled  via  Rac  and  Cdc42  to 
manifest  the  full  malignant  phenotype  to  compensate  for 
decreased  Rho,  as  shown  in  other  systems  (Izawa  et  al, 
1998;  Moorman  et  al,  1999).  Another  possible  explana¬ 
tion  is  that  DT  cells  are  very  potently  transformed,  and 
the  effects  of  oncogenic  Ras  signaling  could  be  more 
intense.  For  example,  DT  cells  form  foci  with  5=80% 
efficiency  in  anchorage  independence  assays,  and  with 
inoculation  of  as  few  as  1000  cells  tumor  growth  can  be 
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observed  in  7-10  days  in  tumorigenesis  assays  (Prasad 
et  al.,  1993).  Notwithstanding  the  highly  malignant 
nature  of  DT  cells,  restoration  of  TM1  expression 
reverts  DT  cells.  Whether  reconstituted  RhoA  protein  is 
also  responsible  for  inhibition  of  other  downstream 
signaling  of  oncogenic  Ras  in  this  system  is  unclear  at 
present,  and  is  under  investigation. 

Our  data  indicate  that  pl60ROCK  is  essential  in  the 
assembly  of  stress  fibers  in  TM1 -induced  cytoskeletal 
reorganization,  indicating  the  similarity  between  the  . 
pathways  operating  in  the  revertants  and  in  normal 
cells.  These  are  likely  to  include  RhoA  directed 
activation  of  Rho  kinase,  which  in  turn  stimulates 
contractility  to  assemble  microfilaments  (Amano  et  al., 

1996;  Chrzanowska-Wodnicka  and  Burridge,  1996). 

For  example,  Y-27632  was  shown  to  disrupt  microfila¬ 
ment  network  in  NIH3T3  cells  (Sahai  et  al,  1999).  In 
addition,  transformation  and  cytoskeletal  changes 
induced  by  constitutively  active  RhoA  are  inhibited 
by  Y27632.  The  data  presented  herein  suggest  that 
upregulation  and  activation  of  the  endogenous  RhoA 
is  likely  to  mediate  TM1  -induced  cytoskeletal  reorg¬ 
anization.  The  dominant  negative  variants  of  Rho 
kinase  and  Y-27632,  although  appear  to  elicit  different 
morphological  effects,  are  able  to  disrupt  the  stress 
fibers  in  the  revertants  employed  in  this  study. 

We  propose  that  TM1 -induced  stress  fiber  assembly 
occurs  via  the  following  model.  TM1  induces  restora¬ 
tion  of  RhoA  and  caldesmon,  reorganizes  vinculin  at 
the  focal  adhesions  in  DT  cells.  It  is  likely  that  the 
expression  of  caldesmon  could  be  elevated  in  the 
revertant  cells  under  the  influence  of  RhoA.  Caldesmon 
expression  is  shown  to  be  regulated  by  SRF  (Momiya- 
ma  et  al.,  1998),  which  in  turn  is  regulated  by  RhoA 
(Montaner  et  al.,  1999;  Spencer  and  Misra,  1999; 
Treisman  et  al.,  1998;  Zohar  et  al.,  1998).  Enhanced 
RhoA  levels  reactivate  pl60ROCK  pathway,  which  is 
essential  for  maintenance  of  microfilaments.  It  is 
recently  demonstrated  that  multiple  factors,  including 
cytoskeletal  structures  regulate  Rho  activity  (Ren  et  al., 

1999).  Co-expression  of  TM1  and  TM2  significantly 
improves  microfilament  architecture  and  stability. 
Whether  the  restored  cytoskeleton  is  essential  in 
establishing  and  maintaining  a  revertant  phenotype 
induced  by  TM1  is  under  investigation. 


Cell  culture 

Culture  conditions  have  been  described  for  all  cell  lines  used 
in  this  study  (Braverman  et  al.,  1996).  Briefly,  NIH3T3,  DT 
cells  and  the  derivative  cell  lines  are  cultured  in  DMEM  high 
glucose  medium  (Life  Technologies,  Gaithersburg,  MD, 
USA),  supplemented  with  10%  fetal  bovine  serum  (Hyclone, 
Logan,  UT,  USA)  in  the  presence  of  L-glutamine  and 
penicillin  and  streptomycin.  Cell  lines  derived  from  DT  were 
supplemented  with  appropriate  drugs,  depending  on  the 
selection  marker.  The  medium  for  DT/TM1  cells  contained 
200  ^g/ml  of  Geneticin  (Life  Technologies),  while  xanthine 
(250  ^g/ml;  Sigma  Chemical  Company,  St.  Louis,  MO,  USA) 
and  mycophenolic  acid  (2.5  mg/ml;  Sigma)  are  present  in  the 
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culture  medium  for  DT/TM2  and  DT/TM1-TM2  cells;  in 
addition,  DT/TM1-TM2  cell  media  also  contained  G418. 

Cytochalasin  D  (Sigma)  was  added  to  medium  at  (0.5  /xg/ 
ml)  to  test  the  stability  of  microfilaments  for  indicated  times 
and  the  cells  were  processed  for  immunofluorescence 
experiments,  as  described  below.  Rho  kinase  inhibitor,  Y- 
27632  was  generously  provided  by  Yoshitomi  Pharmaceutical 
Industries,  Ltd.,  Japan,  and  was  added  to  the  medium  at 

20  ftM. 

Western  blotting  and  immunoprecipitations 

Cell  lysates  were  prepared  as  previously  described  in  1  %  NP- 
40/0.25%  deoxycholate  containing  50  mM  Tris  buffer  pH  7.4 
and  0.15  m  NaCl,  with  protease  inhibitors  (Shah  et  al.,  1998). 
100  pg  of  protein  was  subjected  to  electrophoresis  on  SDS- 
polyacrylamide  gels  and  electrophoretically  transferred  to 
Nytran  (S  and  S,  Keene,  NH,  USA).  Western  blotting  was 
performed  using  antibodies  against  caldesmon,  vinculin, 
gelsolin,  a-actinin,  Rac,  CDC42  and  RhoA  proteins  with 
appropriate  second  antibodies  (Amersham  Pharmacia  Bio¬ 
tech,  Piscataway,  NJ,  USA)  and  Renaissance  chemilumines¬ 
cence  kit  (NEN,  Boston,  MA,  USA).  The  blots  were 
routinely  reprobed  upon  treatment  with  2%  SDS  and  5% 
2-mercaptoethanol  at  55°C  with  an  antibody  against  a- 
tubulin  for  ioad  control.  Immunoprecipitations  of  cell  lysates 
(250-500  fig  of  protein)  were  performed  with  relevant 
primary  antibodies,  and  the  same  primary  antibodies  were 
used  for  detection  in  Western  blotting. 

Immunofluorescence 

Cells  were  cultured  in  Nunc  chamber  slides,  and  treated  with 
either  cytochalasin  D  or  Rho  kinase  inhibitor  as  needed. 
Cells  were  gently  washed  with  phosphate  buffered  saline, 
fixed  in  3.7%  paraformaldehyde  and  extracted  in  0.5% 
Triton  X-100  for  15  min.  The  samples  were  incubated  with 
the  primary  antibodies,  followed  by  appropriate  FITC- 
conjugated  second  antibodies  (Molecular  Probes,  Eugene, 
OR,  USA).  When  necessary  the  samples  were  also  stained 


with  phalloidin  conjugated  with  Texas  Red  (Molecular 
Probes)  and  mounted  in  Prolong  Antifade  (Molecular  Probes, 
Eugene,  OR,  USA)  according  to  the  manufacturer.  The 
samples  were  viewed  with  an  Olympus  laser  scanning 
confocal  microscope,  or  a  Zeiss  LSM510  confocal  microscope 
(Shah  et  al,  1998). 

Northern  blotting 

Total  RNA  was  extracted  from  cultured  cells  and  probed 
with  a  caldesmon  cDNA  probe.  The  same  blot  was  stripped 
and  reprobed  with  /Jactin  cDNA  as  described  earlier  to 
normalize  for  RNA  loading  (Prasad  et  al.,  1993). 

Plasmids  and  transfections 

A  dominant  negative  form  of  Rho  kinase,  CAT-KD  was 
previously  described  (Amano  et  al,  1996;  1997;  Chihara  et 
al,  1997).  pEF-Bos-myc-Rhokinase  CAT-KD  plasmid  was 
used  for  transfection  of  normal  NIH3T3  and  DT/TM1-TM2 
cells  using  DOTAP  (Roche  Molecular  Biochemicals,  India¬ 
napolis,  IN,  USA),  according  to  the  manufacturer’s  guide¬ 
lines.  Forty  eight  hours  after  transfection,  the  cells  were  fixed 
and  processed  for  immunocytochemistry  as  described  above. 
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Abstract 

Tropomyosins  (TMs)  are  a  family  of  microfilament  binding  proteins,  which  are  suppressed  in  the  transformed  cells.  We  have 
investigated  the  mechanism  of  suppression  of  TMs,  in  particular  that  of  tropomyosin-1  (TM1),  in  breast  cancer  cells.  Inhibition 
of  DNA  methyl  transferase  with  5-aza-2'-deoxycytidine  (AZA)  alone  did  not  induce  TM1  expression.  However,  combined 
treatment  of  trichostatin  A  (TSA)  and  AZA  resulted  in  readily  detectable  expression  of  TM1,  but  not  that  of  other  TM  isoforms. 
Upregulation  of  TM1  expression  paralleled  with  the  reemergence  of  TM1  containing  microfilaments,  and  in  abolition  of 
anchorage-independent  growth.  The  synergistic  action  of  AZA  and  TSA  in  reactivation  of  TM1  gene  was  also  evident  in 
ras-transformed  fibroblasts.  These  data,  for  the  first  time,  show  that  hypermethylation  of  TM1  gene  and  chromatin  remodeling 
are  the  predominant  mechanisms  by  which  TM1  expression  is  downregulated  in  breast  cancer  cells.  ©  2002  Elsevier  Science 
Ireland  Ltd.  All  rights  reserved. 

Keywords:  Tropomyosin;  Methylation;  Histone  acetylation 


1.  Introduction 

Tropomyosins  (TMs)  are  important  actin  binding 
proteins  that  stabilize  microfilaments  from  the  action 
of  gel  severing  proteins  [1,2].  Non-muscle  cells  elabo¬ 
rate  multiple  isoforms  of  TMs,  some  of  which  are 
expressed  with  a  high  degree  of  tissue  specificity  by 
alternate  splicing.  TMs  are  generally  grouped  into  high 
(284  amino  acids)  and  low  (248  amino  acids)  Mr 
species,  and  they  share  significant  sequence  homology 
among  the  individual  isoforms  and  across  the  species. 
Nevertheless,  TMs  exhibit  substantial  diversity  in 
terms  of  their  size,  binding  affinity  to  actin,  subcellular 
localization  and  in  interactions  with  other  proteins, 
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thus  suggesting  that  individual  TMs  may  differ  in 
their  biological  functions.  For  example,  TM1,  a  high 
Mr  TM  isoform  with  284  amino  acids,  is  expressed  in 
fibroblasts  and  epithelial  cells,  but  not  in  skeletal 
muscle  tissue.  TM1  has  been  shown  to  bind  to  actin 
with  a  higher  affinity,  and  its  interactions  with  actin  are 
preferentially  promoted  by  other  TM  isoforms,  or  other 
actin  binding  proteins  such  as  caldesmon. 

The  expression  of  high  Mr  TMs  is  downregulated  in 
transformed  cells  [1,2].  Two  reports  indicate  that 
downregulation  of  TMs  is  rapid  and  precedes  the 
morphological  transformation  of  growth  factor 
induced  transformation  [3,4].  Studies  on  the  mechan¬ 
ism  of  downregulation  of  tropomyosins  in  fibroblasts 
suggested  that  both  MEK-dependent  and  -indepen¬ 
dent  signaling  pathways  are  involved  [5,6], 

Previous  work  from  this  laboratory  has  shown  that 
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in  breast  cancer  cells,  multiple  TM  isoforms  are 
suppressed  [7].  Additionally,  the  expression  of  TM1 
was  consistently  lost  in  breast  cancer  cells,  indicating 
that  loss  of  TM1  expression  could  be  a  common 
biochemical  event  in  mammary  carcinogenesis. 
Further  investigations  revealed  that  restoration  of 
TM1  suppresses  the  malignant  phenotype  of  onco¬ 
gene-transformed  cells  and  breast  cancer  cells, 
suggesting  that  TM1  is  a  general  suppressor  of 
neoplastic  growth  phenotype  [8-10].  The  focus  of 
the  present  work  is  to  elucidate  the  mechanism  of 
downregulation  of  TM1  in  breast  cancer  cells.  Several 
important  genes  involved  in  a  wide  range  of  pivotal 
cellular  processes  are  transcriptionally  silenced  by 
gene  methylation  in  breast  cancer  [11].  Therefore, 
we  examined  the  role  of  promoter  methylation  of 
TM1  gene  as  a  possible  mechanism  in  the  loss  of 
TM1  expression  in  cancer  cells. 


2.  Materials  and  methods 

Cell  culture  and  drug  treatments:  MCF-7  and  MDA 
MB231  cells  were  purchased  from  ATCC,  and  the 
sources  and  culture  conditions  of  MCF10A  and  DT 
cells  have  been  previously  described  [7,12].  5-Aza-2'- 
deoxycytidine  (AZA)  was  added  to  the  subconfluent 
cultures  at  a  final  concentration  of  8.8  pM.  For  the 
experiments  involving  combined  treatment  of  AZA 
and  TSA,  TSA  was  added  to  the  culture  medium  at 
300  nM  after  pretreating  the  cells  with  AZA  for  24  h. 
The  cells  were  routinely  harvested  as  indicated. 

RNA  isolation  and  northern  blotting  for  the 
expression  of  TMs  was  performed  as  described  else¬ 
where  [12].  For  detection  of  TM1,  a  full  length 
cDNA  encoding  TM1  was  used  and  the  membranes 
were  washed  at  high  stringency  (0.1  X  SSC  at 
65°C).  To  detect  the  low  Mr  TM  isoforms  TM4 
(3.0  kb  mRNA)  and  TM5  (2.3  kb  mRNA),  probes 
M1401  and  M29,  respectively,  were  used  at  the 
high  stringency  conditions  [13,14],  We  also  used  a 
probe,  M1558,  which  recognizes  TM1  and  other 
muscle-type  TM  mRNAs.  The  northern  blots  were 
routinely  stripped  and  reprobed  with  f3-actin  or 
GAPDH  probes  for  load  controls.  The  signals  were 
quantified  by  a  Molecular  Dynamics  phoshor  imager 
(Typhoon  8600),  and  the  ratios  obtained  with  a  speci¬ 
fic  probe  and  (3-actin  (or  GAPDH)  were  calculated. 


These  values  represent  a  quantitative  measure  of  the 
changes  in  the  gene  expression. 

Cell  lysates  were  prepared  using  Tris  buffer 
containing  1%  NP-40, 0.5%  deoxycholate  and  a  cock¬ 
tail  of  protease  inhibitors  [12].  Two  different  antibo¬ 
dies  were  used  to  assess  TM1  expression:  a  polyclonal 
antibody  that  recognizes  multiple  TM  isoforms 
[7,12];  and,  a  TMl-specific  antibody.  A  45  amino 
acid  region  of  TM1  (171-215  aa;  [15])  was  used  to 
generate  an  anti  TMl-specific  antibody  in  rabbits. 
This  antibody  specifically  recognizes  TM1,  but 
shows  little  or  no  reactivity  against  other  TM 
isoforms.  Fifty  micrograms  of  cellular  proteins  were 
routinely  analyzed  in  western  blotting  experiments. 
The  blots  were  stripped  and  reprobed  with  anti  a- 
tubulin  antibody  for  load  controls.  After  the  chemilu¬ 
minescence  reaction,  the  exposed  X-ray  films  were 
scanned  and  the  signals  were  quantitated  on  the 
Typhoon  imager.  The  ratios  of  the  signal  obtained 
with  TM  antibody  and  a-tubulin  were  used  as  a 
measure  of  changes  in  gene  expression. 

Immunofluorescence  microscopy  was  performed 
essentially  as  described  previously,  using  a  TM  anti¬ 
body  that  recognizes  multiple  TM  proteins  [12]. 
Anchorage-independent  growth  assays  were  perform¬ 
ed  in  soft  agar  according  to  the  previously  published 
procedures,  except  with  the  addition  of  AZA  and  TSA 
[8,10].  The  drugs  were  added  to  the  top  agar  at  the 
concentrations  indicated  above,  and  the  cultures  were 
fed  with  or  without  (control)  the  appropriate  drugs 
every  48  h.  The  samples  were  viewed  with  Olympus 
BX  60  microscope  at  4  X  magnification  (objective), 
and  the  individual  colonies  were  enumerated. 

The  potential  methylation  islands  on  the  TM1  gene 
were  identified  by  GrailEXP  v3.2  program  (http:// 
compbio .  oml .  go  v/ grail  exp) . 


3.  Results  and  discussion 

3.1.  Isolation  ofTMl  gene 

In  breast  carcinoma  cells,  TM1  expression  is 
completely  and  consistently  abolished.  To  investigate 
the  mechanism  of  inhibition  of  TM1  expression, 
human  TM1  gene  was  isolated  by  polymerase  chain 
reaction  (PCR)  screening  of  a  BAC  library.  A  single 
BAC  clone  was  isolated  and  the  presence  of  TM1 
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gene  was  confirmed  by  exon  specific  PCR,  restriction 
digestion  mapping  and  partial  sequencing.  The  BAC 
clone  contained  the  entire  TM1  gene  consisting  of  11 
exons.  TM1  is  generated  by  alternate  splicing  from 
exons  1-6,  8, 9  and  11  [16].  The  sequence  information 
obtained  was  in  agreement  with  the  data  deposited  in 
GenBank  (accession  numbers:  AF209746  and 
AL133410),  and  therefore,  is  not  shown. 

Computer  analysis  of  the  51  untranslated  region 
(5'UTR)  indicated  the  presence  of  three  potential 
locations  for  methylation  of  cytosines  residues  in  the 
CpG  islands:  -1252  to  -861;  -712  to  —433;  and, 
-204  to  + 1 17,  with  ‘A’  of  initiation  codon  numbered 
as  +1.  These  islands  span  a  1369  bp  region  in  the 
d'UTR  through  the  first  exon.  Since  the  epigenetic 
silencing  of  many  key  genes  is  effected  by  promoter 
hypermethylation  in  cancers,  including  those  originat¬ 
ing  in  breast,  we  have  examined  whether  promoter 
hypermethylation  accounts  for  the  loss  of  TM1 
expression  in  breast  cancer  cells  [11,17]. 

3.2.  Hypermethylation  and  histone  deacetylation  of 
TM1  gene  in  cancer  cells 

Transcriptional  silencing  of  many  genes  occurs 
during  development  and  disease  conditions,  including 
in  cancer.  Gene  methylation  and  chromatin  remodeling 
allow  reversible  activation  and  inactivation  of  target 
genes  both  permanently  as  well  as  transiently  [17]. 
Inactivation  of  the  key  regulatory  genes  either  by  muta¬ 
tion  and/or  epigenetic  regulation  results  in  the  same 
biological  consequence  in  that  both  processes  disrupt 
normal  regulatory  circuits.  Epigenetic  silencing  of 
many  classical  tumor  suppressor  genes  such  as  APC, 
BRCA 1 ,  E-cadherin  and  Rb  occurs  in  sporadic  cancers, 
suggesting  that  hypermethylation  is  not  a  random 
event.  Furthermore,  many  genes  that  are  not  fully  docu¬ 
mented  as  tumor  suppressors,  or  important  regulators, 
are  inactivated  by  hypermethylation.  It  is  likely  that 
epigenetic  regulation  may  be  the  primary  mode  of  inac¬ 
tivation  for  some  regulatory  genes  [17],  For  example, 
HME1  (14-3-3cr)  appears  to  be  downregulated  in 
breast  tumor  by  promoter  methylation  [18], 

Normal  mammary  epithelial  cells  express  seven 
different  TMs,  among  which  TM1  is  a  prominent 
isoform  that  is  also  found  in  fibroblasts  [7],  In  breast 
cancer  cells,  TM1  expression  is  abolished,  while  the 
expression  of  other  TMs  varies.  MCF-7  cells  lack 


TM1,  TM38  and  TM2  isoforms,  as  shown  by  two- 
dimensional  gel  analyses  [7],  We  have  used 
MCF10A  cells  as  controls  for  normal  mammary 
epithelial  cells.  It  should  be  noted  that  MCF10A  and 
MCF-7  are  not  isogenic  cell  lines,  and  therefore,  only 
a  qualitative  comparison  of  TM  expression  profiles 
between  the  cell  types  is  possible  (Kalyankar  et  al., 
manuscript  submitted).  To  investigate  the  mechanism 
of  TM1  gene  silencing,  MCF-7  cells  were  treated  with 
an  inhibitor  of  DNA  methyl  transferase  (DNMT),  5- 
aza-2 'deoxycy  tidine  (AZA)  for  24  h,  and  RNA  and 
protein  were  analyzed  for  TM1  expression,  as 
described  in  Section  2.  MCF-7  cells  lack  TM1 
mRNA  and  protein  (Fig.  1A,B).  Addition  of  AZA  to 
the  cultures  resulted  in  a  modest  induction  of  TM1- 
specific  1.1  kb  mRNA  and  TM1  protein.  The  level  of 
expression  of  TMl  attained  with  AZA  alone  was  only 
barely  detectable  over  the  background.  Prolonged 
culture  with  AZA  for  up  to  9  days  did  not  result  in 
further  enhancement  of  TMl  levels  (data  not  shown). 

Histones,  in  acetylated  state,  cause  relaxation  of 
tightly  supercoiled  chromatin  leading  to  improved 
accessibility  of  DNA  binding  proteins  and  transcrip¬ 
tion  factors  to  promoter  region,  culminating  in  gene 
transcription  [19,20],  Histone  deacetylases  promote 
condensation  of  chromatin  and  gene  silencing.  There¬ 
fore,  we  examined  whether  TMl  expression  is 
repressed  by  this  mechanism.  In  fact,  several  genes, 
including  estrogen  receptor  a  and  gelsolin  are  regu¬ 
lated  by  this  mechanism  [21,22],  Furthermore,  inhibi¬ 
tion  of  histone  deacetylase  (HDAC)  activity 
suppresses  the  growth  of  breast  cancer  cells  [23,24]. 
MCF-7  cells  were  incubated  with  trichostatin  A 
(TSA),  a  well  characterized  inhibitor  of  histone  deace¬ 
tylation  for  24  h  and  analyzed  for  TMl  expression. 
TSA  treatment  did  result  in  a  very  small  increase  in 
TMl  expression  (Fig.  1).  Extended  culture  of  MCF-7 
cells  with  TSA  alone  up  to  72  h  did  not  induce  TMl  to 
any  higher  levels  (data  not  shown). 

We  next  evaluated  the  combined  effect  of  inhibition 
of  DNMT  and  HDAC  on  TMl  gene  expression.  It  has 
been  postulated  that  gene  methylation  and  histone 
deacetylation  act  as  two  layers  in  ensuring  strong 
silencing  of  certain  important  genes  in  tumor  devel¬ 
opment,  and  FMR1  gene  which  is  mutated  in  fragile  X 
syndrome  [17,25,26],  Consistent  with  this  notion, 
combined  treatment  of  AZA  and  TSA  resulted  in 
robust  reactivation  of  genes  such  as  hMLHl, 
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lation  and  chromosomal  compaction  by  histone 
deacetylation  are  major  mechanisms  by  which  TM1 
expression  is  silenced  in  breast  cancer  cells. 

To  investigate  whether  AZA  and  TSA  mediated 
induction  is  specific  to  TM1,  or  the  expression  of  all 
the  TMs  are  generally  upregulated  by  these  drugs, 
mRNA  levels  of  two  low  Mr  TMs,  were  assessed. 
We  utilized  a  cDNA  probe,  M1558  that  is  known  to 
hybridize  with  several  high  Mr  TMs  to  monitor  the 
changes  in  the  expression  of  TM1,  TM2  and  TM3 
[13].  This  probe  showed  the  reactivation  of  TM1 
gene  in  the  cells  treated  with  AZA  and  TSA  together, 
but  not  other  TMs.  The  results  obtained  with  M1558 
probe  are  identical  to  those  described  in  Fig.  1A,  and 
therefore,  the  data  are  not  shown.  Under  the  condi¬ 
tions  of  TM1  induction  in  MCF-7  cells,  no  significant 
change  in  the  expression  of  TM4  and  TM5  was 
detected  by  the  drug  treatment  (data  not  shown). 
These  data  indicate  that  expression  of  TM  genes  is 
differently  regulated,  and  that  only  TM1  expression 
is  inactivated  by  gene  methylation  in  breast  cancer 
cells.  Previous  reports  indicate  that  the  changes  in 
the  expression  of  low  Mr  TMs  is  not  often  downregu- 
lated  in  cancer  cells,  and  in  some  instances  they  are 
upregulated  to  compensate  the  loss  of  high  Mr  TMs 
[27], 

3.3.  Induced  TM1  participates  in  microfilament 
assembly 


Fig.'  1.  Induction  of  TM1  by  AZA  and  TSA.  (A)  Total  RNA  from  the 
control  MCF-7,  AZA,  TSA  and  AZA  +  TSA  treated  MCF-7  cells 
was  probed  for  TM1  mRNA  expression  by  a  full  length  TM1 
cDNA.  For  load  controls,  the  same  membrane  was  reprobed  with 
P-actin  probe.  The  ratio  of  TMl/p-actin  signal  is  given.  Control 
MCF-7  cells  lack  TM1  mRNA  and  therefore,  the  value  indicates 
that  of  a  background  signal.  (B)  Immunoblotting  of  TM1  protein. 
Cellular  extracts  were  analyzed  by  western  blotting  with  a  TM  anti¬ 
body.  The  positions  of  TM1  and  TM3  are  indicated.  For  load 
controls,  the  membrane  was  reprobed  with  anti-a-tubulin  antibody. 
MCF-7  celis  lack  TM1  and  the  values  represent  background.  TM1  is 
induced  by  a  combination  of  AZA  and  TSA. 

CDKN2A,  TIMP3  and  FMR1  [25,26],  Therefore,  we 
tested  whether  AZA  and  TSA  together  would  upregu- 
late  TM1  expression.  Incubation  of  MCF-7  cells  with 
AZA  for  24  h  followed  by  AZA  and  TSA  for  another 
24  h  (AZA  total  for  48  h)  synergistically  enhanced  the 
expression  of  TM1  mRNA  and  the  protein  (Fig.  1  A,B, 
respectively).  This  finding  indicates  that  hypermethy- 


TM1  is  an  important  actin  binding  protein.  Previous 
work  from  this  laboratory  showed  that  enhanced 
expression  of  TMl  results  in  microfilament  reorgani¬ 
zation  in  ras-  and  src-transformed  fibroblasts,  and  in 
MCF-7  breast  carcinoma  cells  [8-10].  To  test  whether 
the  induction  of  TMl  expression  by  AZA  and  TSA 
would  result  in  the  incorporation  of  TMl  in  microfila¬ 
ments,  immunofluorescence  microscopy  was 
performed  (Fig.  2).  The  control  MCF-7  cells  lack 
the  expression  of  TMl  and  other  TMs,  and  do  not 
exhibit  well-developed  TM-containing  microfila¬ 
ments  (panel  a).  However,  MCF-7  cells  do  contain 
prominent  actin  filaments  (panel  b),  possibly  consist¬ 
ing  of-TM3,  and  other  low  Mr  TMs  (panel  c).  Similar 
results  (data  not  shown)  were  obtained  when  the  cells 
were  treated  with  either  AZA  or  TSA  alone.  This 
finding  is  consistent  with  the  immunoblotting  data 
which  show  a  small  increment  in  TMl  expression 
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Fig.  2.  Reorganization  of  microfilaments  by  induced  TM1:  control  MCF-7  cells  (panels  a-c)  and  those  treated  by  AZA  and  TSA  (panels  d-f) 
were  stained  with  anti-TM  antibody  (a,  d),  or  phalloidin  (b,  e).  The  merged  images  are  shown  in  panels  c  and  f.  The  drug  treatment  induces  TM1 
expression,  and  the  induced  TM1  participates  in  microfilament  reorganization,  as  evident  from  d-f.  The  sizing  bar  indicates  10  p,m. 


with  either  AZA  or  TSA.  When  the  cells  were  primed 
with  AZA,  and  treated  with  TSA,  the  presence  of  TM1 
containing  microfilaments  were  clearly  evident  (panel 
d),  and  TM1  was  colocalized  with  actin  in  those  fila¬ 
ments  (panels  e  and  f). 

3.4.  Suppression  of  the  transformed  -growth  by  AZA 
and  TSA 

Data  from  this  laboratory  show  that  TM1  is  a 
suppressor  of  the  malignant  growth  phenotype  [8- 
10],  To  determine  whether  AZA  and  TSA  inhibit 
the  anchorage-independent  growth  -  a  hallmark  of 
the  neoplastic  growth,  MCF-7  cells  were  cultured 
with  AZA,  TSA  and  together  with  AZA  and  TSA  in 
soft  agar.  Control  MCF-7  cells  grew  rapidly  and 
formed  colonies  in  soft  agar  (Fig.  3).  The  presence 
of  AZA  suppressed  the  colony  formation  appreciably 
(76%),  while  TSA  alone  was  marginally  (9.4%)  effec¬ 
tive.  These  data  indicate  that  alterations  in  the  expres¬ 


sion  of  other  key  genes  by  AZA  may  contribute  to  the 
diminished  growth  in  agar.  In  fact,  key  genes  regulat¬ 
ing  growth  such  as  retinoic  acid  receptor  (32  and 
glutathione  transferase  PI  gene  are  activated  by 
AZA  treatment  of  MCF-7  cells  [11].  Furthermore, 
methylation  profiling  of  genes  revealed  that  several 
genes  are  regulated  by  promoter  methylation  in  breast 
cancer  [28,29].  Reactivation  of  these  genes  or  the 
tumor  suppressor  genes  may  be  responsible  for 
suppression  of  soft  agar  growth  of  AZA-treated 
MCF-7  cells.  A  more  pronounced  suppression  (82%) 
in  the  anchorage-independent  growth  was  accom¬ 
plished  in  the  presence  of  both  AZA  and  TSA, 
confirming  the  synergistic  action  of  these  two  drugs. 
A  recent  report  [30]  indicating  that  AZA  and  TSA 
synergistically  upregulate  estrogen  receptor  a  gene 
and  retinoic  acid  receptor  (3,  and  kill  MDA  MB231 
cells,  is  in  agreement  with  our  finding  that  a  combina¬ 
tion  of  these  two  drugs  is  effective  in  abolishing  the 
anchorage-independent  growth. 
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Fig.  3.  Effect  of  AZA  and  TSA  on  the  anchorage-independent  growth.  MCF-7  cells  were  cultured  with  either  AZA,  TSA  and  AZA  +  TSA,  and 
counted,  as  described  in  Section  2.  Photomicrographs  of  culture  plates  and  the  quantitative  data  are  shown.  Although  AZA  treatment  decreases 
colony  formation,  the  combined  treatment  of  AZA  and  TSA  is  more  effective  in  suppressing  anchorage-independent  growth. 
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3.5.  Induction  ofTMl  expression  in  other  cancer  cells 

To  investigate  whether  gene  hypermethylation  and 
histone  deacetylation  account  for  the  silencing  of 
TM1  gene  in  other  malignantly  transformed  cells, 
we  assessed  TM1  expression  in  two  different  cell 
lines.  In  MDA  MB231  breast  cancer  cells,  the 
1.1  kb  mRNA  that  codes  for  TM1  protein  is  lacking 
(Fig.  4A).  As  observed  with  MCF-7  cells,  only  the 
combined  treatment  of  AZA  and  TSA  reactivated 
the  expression  of  TM1  mRNA.  MDA  MB231  cells 
also  express  an  epithelial  cell-specific  TM  isoform, 
TM38,  which  comigrates  with  TM1  (Fig.  4B,  bottom 
panel)  [7].  Therefore,  an  antipeptide  antibody  that 
recognizes  TM1  with  a  high  degree  of  specificity 
was  used  to  assess  TM1  expression  in  this  cell  line 
(Fig.  4B,  top  panel).  Immunoblotting  with  this  anti¬ 
peptide  antibody  reveals  the  presence  of  TM1  in 
MCF10A  cells,  but  not  in  MDA  MB231  cells. 

Treatment  of  cells  with  either  AZA  or  TSA  did  not 
result  in  the  restoration  of  TM1  mRNA  or  protein 
levels  (Fig.  4A,B).  Pretreatment  of  MDA  MB231 
cells  with  AZA,  followed  by  addition  of  AZA  and 
TSA,  produced  a  significant  induction  of  TM1, 
suggesting  that  inhibition  of  DNMT  and  HDAC  are 
required  for  reactivation  of  TM1  expression. 
However,  pretreatment  of  either  of  the  breast  cancer 
cell  lines  with  TSA  followed  by  addition  of  AZA  did 
not  upregulate  the  expression  of  TM1  (data  not 


shown),  supporting  the  notion  that  prior  demethyla- 
tion  of  TM1  gene  may  be  a  requirement  for  the  chro¬ 
matin  decompaction  by  acetylated  histones,  and 
ultimately  TM1  gene  transcription  [25].  Correspond¬ 
ingly,  TM1  protein  was  detected  in  the  cell  lysates  of 
the  cultures  treated  with  AZA  and  TSA  (Fig.  4B,  top 
panel).  As  observed  with  MCF-7  cells,  culturing 
MDA  MB 231  cells  with  either  of  the  drags,  or 
together  did  not  result  in  significant  changes  in  the 
expression  of  TM4  and  TM5  (data  not  shown). 

DT  cells  are  ki-ras  transformed  NIH3T3  cells 
which  are  extensively  used  in  this  laboratory  to 
study  the  role  of  cytoskeletal  proteins  in  the  cellular 
transformation  [31].  The  DT  cells  express  TM1  at 
S:50%  of  the  levels  found  in  NEH3T3  cells,  and  essen¬ 
tially  undetectable  levels  of  TM2  and  TM3  [8,31].  In 
DT  cells,  TM1  RNA  expression  is  downregulated  to 
50%  levels  found  in  NIH3T3  cells  (Fig.  5A).  In 
contrast  to  the  breast  cancer  cells,  AZA  treatment 
produced  a  two-fold  enhancement  of  TM1  mRNA, 
as  evident  from  TM1/GAPDH  ratios.  TSA  treatment, 
on  the  other  hand,  was  less  effective  in  upregulating 
TM1  mRNA.  Once  again,  the  combined  treatment  of 
AZA  and  TSA  resulted  in  a  further  upregulation  of 
TM1  mRNA  (^three-fold). 

TM1  protein  levels  in  DT  cells  are  suppressed  by 
about  65%,  as  measured  by  TMl/a-tubulin  ratios, 
when  compared  to  normal  NIH3T3  cells  (Fig.  5B), 
exceeding  the  50%  decrease  in  mRNA  levels.  AZA 
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Fig.  4.  Induction  of  TM1  in  MDA  MB231  cells  by  combined  treat¬ 
ment  of  AZA  and  TSA.  (A)  Northern  blotting.  For  comparison, 
RNA  isolated  from  MCF10A  cells  is  included.  Control  MDA  MB 
231  cells  do  not  express  TM1.  (B)  Immunoblotting  of  drug  treated 
cellular  lysates  for  TM1  expression.  The  MDA  MB231  cells  express 
an  epithelial  specific  TM  isoform,  TM38,  which  comigrates  with 
TM1.  The  polyspecific  TM  antiserum  detects  TM38  and  TM1,  and 
therefore  the  signal  is  present  in  both  control  and  treated  MDA 
MB231.  cells  (bottom  panel).  MCF10A  cells  express  both  TM1 
and  TM38.  A  TMl-specific  antibody  recognizes  only  TM1,  but 
not  TM38.  Therefore,  a  signal  is  detected  in  MCF10A  cells,  but 
not  in  untreated  MDA  MB231  cells,  or  those  treated  with  either 
AZA  or  TSA  (top  panel).  TM1  expression,  however,  is  induced 
by  the  combined  treatment  of  AZA  and  TSA. 


treatment  of  DT  cells  resulted  in  about  40%  increase 
in  TM1  expression  compared  to  control  DT  cells.  In 
addition,  TSA  treatment  also  enhanced  TM1  expres¬ 
sion  to  a  much  lesser,  but  to  a  detectable  degree 
(12%).  Combined  treatment  of  DT  cells  with  AZA 
and  TSA  produced  further  enhancement  in  TM1 
protein  levels  (53%  increase)  compared  to  the  control 
DT  cells,  underscoring  the  role  of  promoter  methyla- 


tion  and  chromatin  conformation  in  regulating  TM1 
gene  expression  in  tumor  cells. 

In  addition  to  TM1,  another  high  Mr  TM  isoform, 
TM2  was  reactivated  when  treated  with  AZA  and 
TSA  (Fig.  5B).  However,  TM2  expression  was 
substantially  lower  than  in  NIH3T3  cells.  Reactiva¬ 
tion  of  TM2  expression  was  not  observed  in  MCF-7, 
or  MDA  MB231  cells,  pointing  to  the  differences  in 
the  regulation  of  TM  proteins  in  different  cancer  cells. 
Thus,  while  TM(3  gene  is  generally  Inactivated  by 
gene  methylation  in  cancer  cells,  it  appears  that  down- 
regulation  of  TMa  gene  (which  codes  for  TM2  and 
TM3)  via  promoter  methylation  may  occur  more 
specifically  in  ras  transformation. 

TM1  was  suggested  to  belong  to  the  class  II  tumor 
suppressors,  which  are  transcriptionally  silenced 
during  the  malignant  transformation  of  cells  [32]. 
Data  presented  in  this  communication  indicate  that 
promoter  hypermethylation  and  chromatin  remodeling 
by  histones  are  primarily  involved  in  silencing  of  TM1 
gene  in  the  malignant  cells.  However,  there  appear  to 
be  additional  posttranscriptional  mechanisms  govern¬ 
ing  the  expression  of  TM1,  as  evident  from  Fig.  5. 

As  discussed  above,  loss  of  TM1  expression  is  a 
common  feature  of  many  different  malignant  cells. 
Suppression  of  high  Mr  TMs,  in  particular  that  of 
TM1  and  TM2  occur  very  rapidly,  before  the  morpho¬ 
logical  transformation  is  evident,  suggesting  that  the 
loss  of  TM1  may  be  an  early  event  during  tumorigen- 
esis.  Therefore,  the  loss  of  TM1  expression  may  serve 
as  a  potential  biomarker.  However,  because  of  the 
high  degree  of  sequence  homology  among  the  TMs, 
and  a  high  degree  of  expression  in  the  stromal  and 
smooth  muscle  components  of  the  tissue  block  has 
rendered  the  assessment  of  TM1  in  human  tumors 
difficult.  Therefore,  determination  of  the  methylation 
status  of  TM1  gene  may  be  useful  in  developing  an 
approach  to  analyze  and  utilize  TM1  expression  as  a 
prognostic  indicator.  Furthermore,  since  TM1  is  a 
suppressor  of  the  malignant  growth,  the  induction  of 
TM1  protein  may  contribute  to  the  antineoplastic 
properties  of  AZA  and  TSA. 
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Fig.  5.  Induction  of  TM1  expression  in  ras-transformed  fibroblasts:  (A)  Northern  blotting  for  TM1  expression.  Total  RNAs  from  NIH3T3,  DT 
(ras-transformed  NIH3T3  cells),  along  with  DT  cells  treated  with  the  drugs  were  isolated  and  probed  with  a  full  length  TM1.  The  ratios  of  TM1/ 
GAPDH  signals  are  given.  TM1  expression  is  induced  significantly  by  AZA  or  AZA  and  TSA  treatment.  (B)  Induction  of  TM  proteins  by  AZA 
and  TSA:  cell  lysates  were  immunoblotted  using  a  poly  specific  TM  antibody.  Treatment  of  DT  cells  with  AZA  significantly  induced  TM1 
expression.  However,  the  combination  of  AZA  and  TSA  synergistically  enhanced  TM1  expression,  and  also  reactivated  TM2. 
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Changes  in  the  expression  of  microfilament-associ- 
ated  proteins,  such  as  tropomyosins  (TMs),  are  com¬ 
monly  found  in  malignantly  transformed  cells.  Previ¬ 
ous  work  from  this  laboratory  has  shown  that 
tropomyosin-1  (TM1)  expression  is  consistently  abol¬ 
ished  in  human  breast  carcinoma  cell  lines,  suggesting 
that  the  loss  of  TM1  could  be  a  common  biochemical 
event  in  the  transformation  of  mammary  epithelium. 
To  investigate  whether  changes  in  TM1  expression  are 
causally  linked  to  mammary  carcinogenesis,  we  have 
tested  the  hypothesis  that  TM1  is  a  tumor  suppressor 
of  breast  cancer.  MCF-7  cells,  which  lack  TM1,  were 
utilized  as  a  model  of  human  breast  cancer  and  trans¬ 
duced  to  reexpress  TM1  protein.  Restoration  of  TM1 
expression  in  MCF-7  cells  (MCF-7/T  cells)  resulted  in  a 
slower  growth  rate,  but  cells  remained  sensitive  to 
growth  control  by  estrogen.  TM1  expression  in  MCF-7 
cells  resulted  in  the  emergence  of  TM-containing  mi¬ 
crofilaments.  More  significantly,  MCF-7/T  cells  failed 
to  grow  under  anchorage-independent  conditions. 
TM1  reexpression  alters  the  interaction  of  the  E-cad- 
herin-catenin  complex  with  the  cytoskeleton,  indicat¬ 
ing  that  TMl-induced  cytoskeleton  could  play  a  signif¬ 
icant  role  in  suppression  of  the  malignant  phenotype. 
Taken  together  with  our  previous  work  on  trans¬ 
formed  murine  fibroblasts,  the  results  presented  in 
this  communication  indicate  that  in  nonmuscle  cells 
TM1  functions  as  a  suppressor  of  transformation. 

O  2002  Elsevier  Science  (USA) 

Key  Words;  tropomyosin;  breast  cancer;  cytoskele¬ 
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INTRODUCTION 

During  the  neoplastic  transformation,  cells  accumu¬ 
late  several  different  mutations  and  undergo  extensive 
changes  in  gene  expression.  While  the  etiology  of  the 
vast  majority  of  tumors  is  unknown,  it  is  generally 

1  To  whom  reprint  requests  should  be  addressed.  Fax:  336-716- 
2528.  E-mail:  gprasad@wfubmc.edu. 


accepted  that  multiple  genetic  events  contribute  to  the 
neoplastic  transformation  of  cells  [1],  Some  of  the 
changes  include  loss  of  tumor  suppressor  genes,  acti¬ 
vation  of  cellular  proto-oncogenes,  and  inactivation/ 
deregulation  of  the  function  or  expression  of  key  intra¬ 
cellular  proteins.  The  mortality  due  to  cancer  is 
primarily  a  consequence  of  the  ability  of  neoplastic 
cells  to  invade  and  metastasize  in  tissues  where  the 
cells  do  not  normally  grow.  Tumor  metastasis  involves 
multiple  steps  including  the  loss  of  normal  growth 
controls,  the  derangement  of  cytoskeletal  organization, 
and  the  capacity  to  become  motile  and  invasive  [2-4], 
It  has  been  postulated  that  deregulation  of  growth 
factor  (serum)-controlled  and  integrin-regulated  adhe¬ 
sion  pathways  together  contribute  to  the  complete 
transformation  involving  accelerated  proliferation  and 
anchorage-independent  growth  [5].  In  addition,  tumor 
cells  also  manifest  altered  cell- cell  adhesion  and  ab¬ 
normal  microfilaments,  which  facilitate  invasion.  Mi¬ 
crofilaments  are  linked  to  both  integrin  and  cadherin- 
catenin  complexes  which  regulate  cell-matrix  and 
cell- cell  adhesion,  respectively. 

While  tropomyosins  (TMs)  have  been  known  to  func¬ 
tion  in  regulation  of  muscle  contraction,  the  functional 
significance  of  the  multiple  TM  isoforms  present  in 
nonmuscle  cells  has  remained  largely  unclear.  Several 
reports  indicate  that  nonmuscle  TMs  serve  important 
functions  in  microfilament  stabilization  [6,  7],  regulat¬ 
ing  microfilament  branching  [8],  actin  polymerization 
[9],  modulation  of  myosin  functions  [10],  and  intracel¬ 
lular  transport  [11].  These  reports  strongly  suggest 
isoform-specific  functions  for  nonmuscle  TMs.  Our 
work  on  the  role  of  cytoskeletal  proteins  in  cell  trans¬ 
formation  has  demonstrated  that  derangements  in  TM 
expression  are  a  common  biochemical  change  in  many 
breast  carcinoma  cells  [12] .  This  observation  extended 
the  earlier  findings  that  loss  of  TM  expression  is  com¬ 
monly  found  in  many  experimentally  transformed  fi¬ 
broblasts  [13-18],  Furthermore,  it  was  demonstrated, 
using  oncogene-transformed  murine  fibroblasts  that 
restoration  of  tropomyosin  isoform  1  (TM1)  expression 
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is  adequate  to  revert  the  malignant  phenotype  induced 
by  functionally  diverse  oncogenes,  such  as  ras  and  src 
[19-21]. 

TMs  are  a  family  of  closely  related  actin-binding 
proteins  [17,  22].  Multiple  isoforms  of  TMs  are  ex¬ 
pressed  from  four  genes  via  alternate  splicing  in  a 
highly  tissue-specific  manner.  The  284  amino-acid  high 
Mr  TMs  generally  display  higher  affinity  to  actin  than 
the  low  Mt  isoforms  (248  aa)  [22],  Other  important 
cytoskeletal  proteins,  such  as  caldesmon,  fascin,  and 
tropomodulin,  also  modulate  TM  interactions  with  ac¬ 
tin  [23,  24], 

Although  it  is  known  that  suppression  of  high  Mr  TMs 
is  a  prominent  feature  of  many  experimentally  trans¬ 
formed  murine  cell  fines,  the  relevance  of  TMs  in  human 
cancers  is  largely  unknown.  To  that  end,  we  have  inves¬ 
tigated  the  role  of  TMs  in  mammary  carcinogenesis.  In 
normal  human  mammary  epithelial  cells,  seven  different 
isoforms  of  TMs  are  expressed  [12].  Among  these,  TM1, 
TM2,  TM3,  and  an  epithelial  cell  type-specific  species, 
TM38,  may  be  categorized  as  high  Mr  TMs.  Isoforms 
TM32a,  TM32b,  and  another  epithelial-specific  protein, 
TM32,  are  known  to  be  low  Mr  TMs.  In  spontaneously 
transformed  human  breast  carcinoma  cell  fines,  loss  of 
expression  of  multiple  isoforms  of  TMs  has  been  reported. 
More  significantly,  expression  of  TM1  is  completely  abol¬ 
ished  in  all  the  transformed  cell  fines,  suggesting  that 
suppression  of  TM1  could  be  a  pivotal  event  leading  to 
the  acquisition  of  the  neoplastic  phenotype  by  mammary 
epithelial  cells. 

The  experimentally  transformed  fibroblasts  employed 
in  the  above  studies  to  define  a  causal  relationship  of 
TMs  to  cell  transformation  are  generated  by  a  single 
well-defined  transforming  oncogene.  Most  human  can¬ 
cers,  on  the  other  hand,  originate  in  epithelial  cells  as  a 
result  of  multiple  genetic  defects.  Furthermore,  mecha¬ 
nisms  that  lead  to  transformation  of  epithelial  cells  could 
be  different  and  more  complex.  For  example,  while  both 
raf  and  ras  transform  fibroblasts,  epithelial  cells  can  only 
be  transformed  by  ras  [25].  Another  complexity  with  ep¬ 
ithelial  cells  is  that  at  least  two  more  TM  isoforms  are 
expressed  in  epithelial  cells  compared  to  fibroblasts, 
which  could  potentially  compensate  for  loss  of  the  other 
TMs.  Therefore,  it  remains  to  be  established  whether 
TM1  can  function  as  a  suppressor  of  the  malignant  phe¬ 
notype  of  spontaneously  transformed,  human-derived 
carcinoma  cells.  To  further  investigate  the  role  of  TM1  in 
cellular  transformation,  we  determined  whether  restora¬ 
tion  of  TM1  expression  in  MCF-7  human  breast  cancer 
cells  has  an  effect  on  the  growth  and  transformation 
status  of  these  cells. 

MATERIALS  AND  METHODS 

Normal  mammary  epithelial  MCF10A  cells  were  obtained  from 
Dr.  Jose  Russo,  Fox  Chase  Cancer  Center,  Philadelphia  [26],  and 


MCF-7  and  MDA  MB  231  cells  were  purchased  from  ATCC.  The 
cDNA  encoding  TM1  protein  has  been  previously  described  [27], 
Anti-TM  polyclonal  antiserum  which  recognizes  multiple  TMs,  in¬ 
cluding  TM1,  was  described  previously  [12],  DT/TM1  and  DT'/TMl- 
TM2  cells  were  fibroblast  cell  lines  and  previously  described  [28,  29], 
MCF10A  cells  are  used  in  this  study  as  a  reference  for  TM  expres¬ 
sion.  Since  MCF10A  and  MCF-7  (or  those  derived  from  MCF-7  cells) 
are  not  isogenic,  no  direct  comparisons  on  the  growth  properties  of 
these  cells  are  made. 

For  retroviral  gene  transfer  of  TM1  into  MCF-7  and  MDA  MB  231 
cells,  a  pBNC  recombinant  virus  was  used  as  described  [19,  30], 
except  that  an  amphotrophic  packaging  cell  line  PA317  was  used  to 
generate  the  infectious  virus.  TMel  cDNA  was  subcloned  into  a 
pBNC  retroviral  vector  in  which  a  CMV  intron/enhancer  drives  the 
expression  of  the  gene  of  interest  and  the  selection  is  accomplished 
with  G418.  Transduced  MCF-7  cells  were  cloned  by  a  limiting  dilu¬ 
tion  method  and  the  cell  lines  (MCF-7/T)  were  tested  for  TMl  ex¬ 
pression.  For  control  purposes,  MCF-7  cells  were  transduced  with 
the  empty  vector  and  the  resultant  cell  lines  were  designated  MCF- 
7/V  cells.  Cell  lines  derived  from  transduction  of  MDA  MB  231  are 
referred  as  MDA  MB  231/T  cells. 

Protein  analysis.  Two-dimensional  gel  electrophoresis  using  cell 
lysates  prepared  from  metabolically  labeled  cells  was  performed 
essentially  as  described  previously  [12,  30].  Western  blotting  was 
performed  with  TM  antiserum  or  commercially  available  antibodies. 
Expression  of  a-tubulin  was  routinely  measured  with  a  specific  an¬ 
tibody  (Sigma  Chemical  Co.)  as  a  load  control.  Antibodies  against 
E-cadherin  and  catenins  were  purchased  from  Transduction  Labo¬ 
ratories.  For  routine  analysis,  cells  were  extracted  with  a  50  mM  Tris 
buffer,  pH  7.4,  containing  1%  Nonidet  P-40,  0.25%  sodium  deoxy- 
cholate,  0.15  M  NaCl,  1  mM  EDTA,  1  mM  sodium  fluoride,  1  mM 
sodium  orthovanadate,  and  a  cocktail  of  protease  inhibitors  (1  mM 
PMSF  and  1  /xg/ ml  each  of  leupeptin,  pepstatin,  and  aprotinin).  After 
a  brief  centrifugation  to  remove  nuclei  and  cell  debris,  the  superna¬ 
tant  was  used  for  immunoblotting  or  immunoprecipitations.  These 
lysates  were  termed  cytoplasmic  preparations.  Alternatively,  cells 
were  also  extracted  with  RIPA  buffer  (RIPA  lysates)  [31].  To  extract 
both  nuclear  and  cytoplasmic  proteins,  cells  were  solubilized  with  1% 
SDS  and  used  for  immunoblotting  (whole  cell  lysates). 

A  20-amino-acid  sequence  (187-206;  SRARQLEEELRTM- 
DQALKSL)  that  is  distinctive  for  TMl  was  used  to  generate  a  TM1- 
specific  antibody  in  rabbits  [27],  The  antiserum  was  purified  on  a 
peptide  immunoaffinity  column  and  used  for  immunoblotting.  It 
detects  only  TMl  on  immunoblots.  The  polyclonal  antiserum  which 
recognizes  all  the  TM  isoforms  has  been  previously  described  and 
was  used  for  immunoblotting,  immunocytochemistry  and  immuno¬ 
precipitations  [28,  29]. 

Northern  analysis.  Total  cellular  RNA  was  analyzed  as  previ¬ 
ously  described  [20].  The  membranes  were  probed  with  a  full-length 
TMl  cDNA  [27].  The  blots  were  washed  at  65°C  in  a  buffer  contain¬ 
ing  O.lx  SSC  and  1%  SDS.  Under  these  conditions,  only  TMl  is 
detected  without  any  cross-hybridization  to  other  TMs.  Blots  were 
then  stripped  and  reprobed  with  (3-actin  for  load  controls. 

Monolayer  growth.  Growth  of  the  cells  was  measured  in  mono- 
layer.  Briefly,  2  x  105  cells  were  plated  in  normal  (10%)  serum 
containing  media.  At  regular  intervals,  cells  were  harvested  and 
counted  using  a  hemocytometer.  Cell  culture  conditions  were  previ¬ 
ously  described  for  MCF-7  and  MDA  MB  231  cells  [26],  and  the 
medium  for  the  transduced  cells  contained  200  pg/ml  of  G418.  Ex¬ 
periments  involving  estrogen  deprivation  and  supplementation  were 
performed  in  a  phenol  red-free  basal  medium.  Two  replicate  plates 
were  initiated  for  each  cell  type  and  growth  medium.  To  test  the 
effects  of  estrogen  on  the  growth  of  the  cells,  72  h  after  plating, 
normal  medium  was  replaced  with  a  medium  containing  charcoal- 
stripped  FBS  alone  (minus  estrogen)  or  with  a  supplementation  of 
100  nM  17-/3estradiol  (plus  estrogen).  Cell  count  measurements  were 
subsequently  taken  on  each  plate  every  24  h  (a  total  five  measure- 
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FIG.  I.  TM  expression  in  mammary  epithelial  cells.  (A)  Two-dimensional  gel  analysis  of  TM  expression  in  MCF10A  cells  was  performed 
as  described  under  Materials  and  Methods.  TM1,  TM38,  and  TM32  are  identified.  (B)  TM  expression  in  normal  and  malignant  breast  cells. 
DT/TM1  and  DT/TM1-TM2  cells  were  used  as  positive  controls  for  TM  expression.  These  are  TMl-induced  revertants  of  ras-transformed 
fibroblasts  expressing  either  TM1  alone  or  both  TM1  and  TM2  [28].  TM2  migrates  as  a  distinct  band  below  TM1,  which  is  evident  in 
DT/TM1-TM2  cells  (top).  The  cell  lysates  were  probed  with  a  polyclonal  antiserum  that  reacts  to  multiple  TMs  (top),  an  antipeptide  antibody 
that  reacts  specifically  to  TM1  (middle),  or  antitubulin  antibody  for  load  controls  (bottom). 


ments  over  120  h).  Mixed  model  analysis  of  variance  (ANOVA)  was 
performed,  adjusting  for  estrogen  exposure,  to  test  for  equality  of 
growth  after  120  h  between  the  different  cell  types.  Counts  on  the 
same  plates  were  treated  as  a  correlated  measurements  in  the  sta¬ 
tistical  analyses.  Statistical  analysis  was  performed  using  the  SAS 
v8.1  software  package  (SAS,  Cary,  NC). 

Anchorage-independent  growth.  Five  or  ten  thousand  cells  were 
plated  in  soft  agar  in  35-mm  petri  dishes  as  described  [19].  Cells 
were  fed  once  in  48  h  with  0.1  ml  of  medium.  Six  replicate  plates 
were  cultured  for  each  cell  type.  Two  weeks  later,  cells  were  stained 
with  0.05%  nitroblue  tetrazolium  (Sigma).  Colonies  £50  pm  were 
counted.  Equality  of  the  mean  number  of  counted  colonies  after  2 
weeks  of  incubation  between  the  different  cell  types  was  tested  using 
t  tests. 

Immunofluorescence.  Cells  were  cultured  in  Nunc  chamber 
slides,  fixed  with  3.7%  paraformaldehyde  [29],  and  permeabilized 
with  1%  Triton  X-100  in  phosphate-buffered  saline  (PBS).  For 
E-cadherin  staining,  samples  were  briefly  extracted  with  1%  Triton 
X-100  and  then  fixed  in  paraformaldehyde,  blocked,  and  reacted  with 
primary  antibody.  The  samples  were  blocked  in  1%  BSA  (Jackson 
Immunolabs)  in  PBS  and  incubated  with  primary  antibodies  over¬ 
night  at  4°C.  The  TM  antiserum  was  used  at  1:500,  and  other 
commercial  antibodies  were  diluted  according  to  the  manufacturer’s 
guidelines.  The  samples  were  also  stained  with  Texas  Red-conju¬ 
gated  phalloidin  (Molecular  Probes)  for  some  experiments.  The  sam¬ 
ples  were  mounted  using  the  Prolong  Antifade  kit  (Molecular 
Probes).  Confocal  microscopy  was  performed  with  a  Zeiss  confocal 
microscope  with  a  60X  water  objective.  The  images  were  optically 
sectioned  and  the  composite  images  are  projected. 

For  determination  of  the  intensity  of  staining,  the  samples  were 
viewed  with  a  Zeiss  Axioplan  2  microscope  using  either  a  40X  or  63X 
oil  objective.  The  images  were  captured  using  a  Dage  MT1  camera 
(Model  300)  and  IFG  310  controller.  The  samples  were  photographed 
using  different  gate  settings,  which  allows  accumulation  of  different 
numbers  of  frames.  The  gate  setting  is  inversely  linked  to  the  bright¬ 
ness  of  staining.  For  example,  if  a  gate  setting  of  4  is  used  to 


photograph,  four  different  individual  frames  will  be  taken  and  inte¬ 
grated  in  a  final  image.  However,  if  a  gate  setting  of  8  is  required,  it 
suggests  that  the  image  is  about  half  as  intensely  stained  as  the  first 
one.  In  these  experiments,  both  the  gain  and  black  level,  which  affect 
the  image  quality,  were  kept  at  identical  settings.  The  images  were 
transferred  to  Adobe  Photoshop  and  processed  identically  to  make  a 
composite  image.  Further  quantification  of  the  signal,  such  as  area 
and  intensity  measurements  using  Photoshop,  were  not  done.  Mul¬ 
tiple  areas  of  the  sample  were  photographed  using  gate  settings  of  4, 
8,  16,  and  32,  depending  on  the  intensity  of  the  signal. 

RESULTS 

Restoration  ofTMl  expression  in  MCF-7  cells.  Nor¬ 
mal  mammary  and  other  epithelial  cell  types  express 
seven  different  TMs,  two  more  TMs  than  found  in 
fibroblasts,  that  are  readily  detected  in  2-D  gels  [12, 
27].  TM  expression  in  the  nontransformed,  immortal¬ 
ized  human  mammary  epithelial  MCF10A  cell  line  is 
shown  in  Fig.  1A.  One  of  these  additional  TMs,  TM38, 
comigrates  with  TM1  in  one-dimensional  gels  (Fig.  IB). 
The  other  TM  isoform,  TM32,  is  not  resolved  from  the 
two  low  Mr  TMs  in  routine  SDS-PAGE,  but  requires 
2-D  analyses.  Neither  of  these  TM  isoforms  is  well 
characterized.  In  malignant  breast  epithelial  cells, 
TM1  expression  was  consistently  absent,  but  the  ex¬ 
pression  of  other  TMs  including  that  of  TM38  varies. 
For  example,  in  MDA  MB  231  and  MDA  MB  453  cells, 
TM38  expression  is  detectable  by  immunoblotting  with 
polyclonal  anti-TM  antisera  and  by  2-D  gels  (Fig.  IB, 
top;  [12]).  However,  in  MCF-7  cells  both  TM1  and 
TM38  are  lacking,  and  therefore  no  signal  is  detected. 
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The  fibroblast  cell  fines  DT/TM1  and  DT/TM1-TM2, 
which  express  either  TM1  alone  or  TM1  and  TM2  to¬ 
gether,  respectively,  are  used  as  positive  controls  for 
TM1  expression.  These  cells  lack  the  expression  of 
TM38,  and  hence,  the  signal  in  the  fibroblast-derived 
cell  fines  represents  the  expression  of  TM1  [12,  27,  28]. 

To  facilitate  the  analysis  of  TM1  expression,  we  gen¬ 
erated  a  specific  antipeptide  antiserum,  as  described 
under  Materials  and  Methods.  Data  from  immunoblot- 
ting  with  TMl-specific  antibody  are  shown  in  Fig.  IB 
(middle).  The  two  fibroblast  cell  fines  DT/TM1  and 
DT/TM1-TM2  and  the  MCF10A  cells  contain  readily 
detectable  TM1.  In  agreement  with  two-dimensional 
gel  analyses,  expression  of  TM1  was  lacking  in  MCF-7, 
MDA  MB  231,  and  MDA  MB  453  breast  cancer  cell 
fines  [12].  In  MDA  MB  231  and  MDA  MB  453  cells 
which  express  TM38,  no  signal  was  detected  by  TMl- 
specific  antibody,  indicating  the  lack  of  TM1.  MCF-7 
cells  that  were  transduced  to  reexpress  TM1,  desig¬ 
nated  MCF-7/T,  however,  were  positive  for  TM1  ex¬ 
pression  (discussed  below). 

In  MCF-10A  human  mammary  epithelial  cells,  TM1 
is  expressed  from  a  1.1-kb  mRNA.  In  MCF-7  human 
breast  carcinoma  cells,  expression  of  both  TM1  protein 
and  its  cognate  mRNA  is  totally  abolished,  as  is  the 
case  with  several  other  breast  carcinoma  cells  (Fig.  2A; 
also  Fig.  IB)  [12].  Transduction  of  MCF-7  cells  with  a 
recombinant  retroviral  vector  results  in  the  expression 
of  a  2.0-kb  mRNA  from  which  TM1  is  transcribed,  as 
found  in  MCF-7/T  cell  fines;  TM1  mRNA  is  1.1  kb  in 
size,  while  the  additional  sequences  originate  from  the 
vector  [19].  We  have  analyzed  three  independent  MCF- 
7/T  cell  fines  and  two  MCF-7/V  cell  fines  along  with  the 
parental  MCF-7  cells.  In  MCF-7/V  cell  fines  (vector 
controls)  and  the  parental  MCF-7  cells,  the  transduced 
2.0-kb  mRNA  is  absent,  as  expected. 

Immunoblotting  of  cytoplasmic  lysates  with  a  poly¬ 
clonal  anti-TM  antibody  revealed  that  TM1  is  readily 
detectable  in  MCF10A  cells.  However,  no  correspond¬ 
ing  signal  was  present  in  MCF-7  or  MCF-7/V  cells.  In 
MCF-7/T  cell  fines,  TM  expression  is  restored  (Fig.  IB, 
middle;  data  not  shown  for  other  cell  lines).  Since  high 
Mt  TMs  do  not  resolve  well  in  one-dimensional  gels  and 
the  individual  TMs  significantly  vary  in  their  avidity  to 
antibody,  we  examined  total  expression  of  TMs  in  these 
cell  fines.  To  that  end,  cellular  extracts  prepared  from 
metabolically  labeled  cells  were  analyzed  by  two-di¬ 
mensional  gels  (Fig.  2B).  In  MCF-7  cells,  expression  of 
TM1,  TM38,  and  TM2  is  abolished,  and  therefore,  none 
of  these  three  proteins  are  detected  [12].  Among  the 
muscle-type  high  Mr  TMs  that  are  present  in  epithelial 
cells,  only  TM3  is  present  in  MCF-7  and  MCF-7/V  cells. 
Transduction  of  MCF-7  cells  with  TM1  cDNA,  as  ex¬ 
pected,  results  in  a  specific  enhancement  of  TM1  pro¬ 
tein  in  MCF-7/T  cells.  Furthermore,  transduced  TM1  is 
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FIG.  2.  Tropomyosin  expression.  (A)  Northern  blotting:  Total 
cellular  RNAs  were  probed  with  a  full-length  cDNA  encoding  TM1  at 
high  stringency.  Transduced  TM1  is  expressed  as  a  2.0-kb  mRNA, 
while  the  endogenous  TM1  is  synthesized  as  a  1.1-kb  RNA.  The 
parental  MCF-7  cells  lack  the  mRNA  encoding  TM1.  /3-Actin  was 
used  for  load  controls  (bottom).  (B)  Two-dimensional  gel  analyses  of 
TM  expression.  Total  cell  lysates  were  prepared  from  pulse-labeled 
cells  and  analyzed  by  two-dimensional  gels.  TM1  is  identified  in  the 
right  panel. 


also  found  in  the  cytoskeletal  fraction  of  MCF-7/T  cells 
(data  not  shown). 

Morphology  of  MCF-7  IT  cells.  Restoration  of  TM1 
expression  in  MCF-7  cells  resulted  in  significant  mor¬ 
phological  changes.  MCF-7  and  the  vector  control  cells 
shows  that  they  grow  as  rather  loosely  adhering  clus¬ 
ters.  MCF-7/T  cells  in  general  grow  in  tighter  clusters 
and  form  distinctive  tubular  structures  (Fig.  3A)  [32] . 

Immunocytochemical  staining  with  anti-TM  anti¬ 
body  of  parental  MCF-7  cells  showed  weak  staining 
with  the  TM  antiserum,  although  MCF-7  cells  express 
at  least  one  high  Mr  TM  isoform  and  low  Mr  TMs.  TM 
staining  in  MCF-7  cells  is  faint  and  diffuse  throughout 
the  cell,  with  no  detectable  association  with  actin  fila¬ 
ments  (Fig.  3B;  A-C).  In  MCF-7/T  cells,  TM  staining 
was  intense,  and  TM  containing  microfilaments  were 
evident.  In  addition,  TM  staining  colocalized  with  that 
of  actin,  indicating  that  transduced  TM1  reorganizes 
microfilaments  (Fig.  3B;  D-F).  Although  TM  staining 
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FIG.  3.  (A)  Morphology  of  TM  1-expressing  MCF-7  cells.  Monolayers  of  MCF-7  and  MCF-7/T  cells  were  stained  with  H  &  E  and 
photographed  using  an  Olympus  B20  microscope  with  a  2X  objective.  (B)  TM1  associates  with  microfilaments.  MCF-7  (A-C)  and  MCF-7/T 
(D-F)  cells  were  immunostained  with  TM  antiserum  (A  and  D)  followed  by  binding  to  FITC-conjugated  antirabbit  antibody  (green)  and  Texas 
Red-conjugated  phalloidin  (B  and  E;  red).  Merged  images  (C  and  F)  are  presented.  The  samples  were  viewed  using  a  confocal  microscope. 


was  found  through  the  cell  body,  it  was  brightest 
around  the  nucleus. 

Growth  properties.  The  effect  of  TM1  expression  on 
the  growth  properties  of  MCF-7  cells  was  assessed  in 
monolayer  cultures.  MCF-7,  a  vector  control  cell  line 


(VI),  and  three  cell  lines  expressing  TM1  (Tl,  T2,  and 
T3)  were  used  to  measure  the  growth.  Under  normal 
serum  conditions,  the  unmodified  MCF-7  and  those 
transduced  with  empty  vector  grew  rapidly  at  similar 
rates  (Fig.  4A).  However,  all  the  three  individual  cell 
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FIG.  4.  TM1  expression  decreases  growth  of  MCF-7  cells.  Cells  were  cultured  under  normal  growth  medium  (A),  in  charcoal-stripped 
medium  (estrogen  deprivation),  or  in  charcoal-stripped  serum  supplemented  with  100  nM  estradiol.  The  growth  of  MCF-7  and  MCF-7/V  (B), 
the  three  MCF-7/T  cell  lines  (C),  and  under  conditions  of  estrogen  deprivation  and  supplementation  is  depicted.  Error  bars  indicate  standard 
deviation.  The  revertant  cells  grew  significantly  more  slowly  than  the  parental  MCF-7  or  vector  control  cells  in  normal  serum,  in  the  absence 
of  or  under  estrogen  supplementation. 


lines  expressing  TM1  grew  comparably,  but  demon¬ 
strated  strikingly  slower  growth  after  120  h  than  the 
parental  MCF-7  or  MCF-7/V  cell  lines  ( P  <  0.0001  for 
all  pairwise  comparisons).  Thus,  restoration  of  TM1 
expression  decreases  the  proliferation  of  breast  carci¬ 
noma  cells. 

Estrogen  regulates  the  growth  and  differentiation  sta¬ 
tus  of  MCF-7  cells.  Since  TM1  expression  decreases  the 
growth  of  these  cells,  we  tested  whether  MCF-7/T  cells 
remain  sensitive  to  growth  control  by  estrogen  (Figs.  4B 
and  4C).  When  cells  were  cultured  in  the  absence  of 
estrogen  using  charcoal-stripped  fetal  bovine  serum, 
growth  of  all  the  cell  lines,  including  those  expressing 
TM1,  was  inhibited  by  about  50%.  Even  under  these 
conditions,  MCF-7  and  MCF-7/V1  cells  (Fig.  4B)  main¬ 


tained  higher  growth  than  MCF-7/T  cells,  as  shown  in 
Fig.  4C  (P  <  0.0001  for  all  pairwise  comparisons).  Sup¬ 
plementation  with  100  nM  /3-estradiol  in  charcoal- 
treated  serum  containing  medium  resulted  in  increased 
growth.  In  the  presence  of  estrogen,  MCF-7  and  MCF- 
7/V1  cells  demonstrated  profoundly  enhanced  growth 
compared  to  MCF-7/T  cells  (P  <  0.0001  for  all  pairwise 
comparisons).  Addition  of  4-hydroxytamoxifen  inhibited 
the  stimulatory  effect  of  estrogen  (data  not  shown).  These 
data  show  that  restoration  of  TM1  expression  decreases 
the  growth  of  MCF-7  cells,  without  altering  the  sensitiv¬ 
ity  to  estrogen. 

Anchorage-independent  growth.  The  proliferation 
of  normal  cells  is  tightly  regulated  by  growth  signals  of 
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integrin- extracellular  matrix  interactions,  which  is. of¬ 
ten  deregulated  in  tumor  cells.  The  ability  of  tumor 
cells  to  proliferate  independent  of  adhesion  closely  cor¬ 
relates  with  tumorigenic  potential,  which  is  often  as¬ 
sayed  by  anchorage-independent  growth  in  soft  &gar. 
The  data  presented  in  Fig.  4  show  that  reexpressiqn  of 
TM1  decreases  the  growth  of  MCF-7  cells.  Therefore, 
we  examined  whether  TM1  inhibits  anchorage-inde¬ 
pendent  growth  of  MCF-7  cells.  MCF-7  and  VI  and  V2 
cells  grew  rapidly  and  formed  a  large  number  of  colo¬ 
nies  within  2  weeks  (Figs.  5A  and  5B).  In  contrast*  the 
three  clones  of  MCF-7  cells  expressing  TM1  did  not 
grow  in  parallel  cultures.  The  MCF-7/T  cell  lines 
showed  a  significant  decrease  in  growth  in  the  number 
of  colonies  (P  <  0.0001  for  all  comparisons  between 
MCF-7,  VI,  and  V2  cells  and  MCF-7/T  cells).  These 
data  demonstrate  that  reexpression  of  TM1  abolishes 
the  anchorage-independent  growth  of  breast  carci¬ 
noma  cells  and  support  our  earlier  studies  on  the  anti¬ 
transformation  effects  of  TM1. 

Cell-cell  adhesion  molecules  in  TMl-transdiiced 
breast  cancer  cells.  Expression  of  E-cadherin  is  down- 
regulated  in  several  human  malignancies,  including 
breast  cancer.  Decrease  in  E-cadherin  expression 


weakens  cell-cell  interactions  and  contributes  to  the 
metastatic  phenotype.  Additionally,  E-cadherin  com¬ 
plexes  with  a,  0,  and  y  catenins,  and  the  entire  complex 
is  anchored  to  microfilaments.  The  cadherin-catenin 
complex  is  implicated  in  regulating  tissue  integrity, 
polarity,  and  differentiation.  Stable  association  of  the 
cadherin-catenin  complex  to  microfilaments  is  consid¬ 
ered  a  requirement  for  normal  functioning  of  cadherin 
complexes  [33,  34],  Furthermore,  free,  soluble  0-cate- 
nin  that  is  not  associated  with  cadherins,  is  a  key 
player  in  the  wnt  signaling  pathways  [35,  36].  Activa¬ 
tion  of  wnt  signaling  pathways  results  in  the  transpor¬ 
tation  of  0-catenin  into  the  nucleus  and  interaction 
with  TCF/LEF  transcription  factor,  thereby  upregulat- 
ing  gene  expression.  Since  cells  expressing  TM1  form 
tighter  clusters  and  display  a  tubular  morphology  in¬ 
dicating  enhanced  differentiation,  we  investigated 
whether  TMl-induced  reversion  of  breast  carcinoma 
cells  involves  changes  in  the  expression  of  E-cadherin 
or  the  catenins. 

Cytoplasmic  lysates  were  prepared  from  actively 
growing  cells  and  were  immunoblotted  with  antibodies 
against  E-cadherin  and  a,  0,  and  y  catenins.  The  data 
of  Fig. .  6A  indicate  that  MCF-7  and  the  two  vector 
control  cell  lines  express  similar  levels  of  all  the  four 
proteins  tested.  The  three  MCF-7/T  cell  lines,  however, 
showed  significantly  and  consistently  lower  levels  of 
E-cadherin  and  the  catenins  (Fig.  6A).  Since  TM1  ex¬ 
pression  is  associated  with  the  reemergence  of  micro- 
filaments,  we  investigated  a  possibility  that  the  cad¬ 
herin  complex  may  be  more  tightly  associated  with  the 
cytoskeleton  in  the  revertants,  thus,  forming  stronger 
cell-cell  junctions  which  may  make  them  less  soluble. 
To  examine  the  total  expression  of  these  proteins,  cells 
were  extracted  under  more  vigorous  conditions,  using 
RIPA  buffer  to  lyse  the  cells,  and  tested  for  the  pres¬ 
ence  of  the  components  of  the  cadherin-catenin  com¬ 
plex.  Under  these  conditions,  no  detectable  differences 
in  the  expression  of  E-cadherin  or  the  catenins  were 
found  between  the  transformed  (MCF-7  and  V)  and  the 
revertant  TMl-expressing  MCF-7/T  clones  (Fig.  6B): 
similar  results  were  obtained  when  cells  were  solubi¬ 
lized  with  1%  SDS  and  lysates  were  analyzed  (data  not 
shown).  These  results  indicate  that  in  MCF-7/T  cell 
lines,  E-cadherin  and  the  catenins  associate  more 
tightly  to  the  cytoskeleton,  presumably  contributing  to 
the  stability  of  cell-cell  adherens  junctions. 

To  investigate  whether  the  localization  of  E-cadherin 
and  the  catenins  is  altered  in  the  TMl-expressing  cells, 
immunocytochemistry  was  performed.  In  MCF-7  cells, 
0-catenin  (Fig.  7A;  A)  and  E-cadherin  (Fig.  7A;  B)  were 
detectable  at  the  cell-cell  junctions.  In  MCF-7  cells, 
E-cadherin’s  presence  was  evident  in  the  perinuclear 
area  as  well  as  in  the  cytoplasm.  In  the  revertant 
MCF-7/T  cells,  E-cadherin  and  0-catenin  were  also 
readily  detectable  at  the  cell  adhesion  areas  with  well- 
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FIG.  6.  The  E-cadherin- catenin  complex  is  more  tightly  associ¬ 
ated  in  MCF-7/T  revertant  cells.  Cytoplasmic  lysates  (A)  and  RIPA 
lysates  (B)  of  the  indicated  cells  were  analyzed  for  expression  of 
E-cadherin  and  the  catenins  by  immunoblotting.  Note  that  in  the 
RIPA  extracts,  E-cadherin  and  the  catenins  are  detected  at  compa¬ 
rable  levels  between  the  transformed  and  the  revertant  lines  of 
MCF-7  cells. 

defined  staining  (Fig.  7A;  C  and  D,  respectively).  Fur¬ 
ther  detailed  analysis  of  the  organization  of  these  two 
molecules  in  the  revertant  cells  revealed  significant 
differences  from  the  parental  MCF-7  cells. 

While  both  parental  MCF-7  and  MCF-7/T  cells  con¬ 
tained  E-cadherin  and  0-catenin  at  cell- cell  junctions, 
their  association  with  the  detergent-insoluble  fraction 
was  different  between  the  cell  types.  The  samples  were 
stained  with  respective  antibodies,  visualized  using  a 
Zeiss  fluorescence  microscope,  and  photographed  for 


different  exposures  as  described  under  Materials  and 
Methods.  The  samples  were  exposed  to  accumulate 
different  number  of  frames,  without  any  other  adjust¬ 
ments  to  either  black  level  or  brightness  settings.  It 
was  found  that  MCF-7  cells  had  significantly  lower 
detergent-resistant  E-cadherin  and  0-catenin  at  the 
cell- cell  junctions  (Fig.  7B,  a  and  b)  vis-a-vis  MCF-7/T 
cells  (Fig.  7B,  c  and  d).  When  the  samples  were  photo¬ 
graphed  for  the  same  number  of  frames,  the  intensity 
of  either  E-cadherin  and  0-catenin  at  the  cell- cell  junc¬ 
tions  was  higher  in  MCF-7/T  cells.  MCF-7/T  cells  con¬ 
sistently  retained  higher  amounts  of  E-cadherin  and 
0-catenin  at  the  cell- cell  junctions  than  in  MCF-7 
cells.  Multiple  areas  of  both  the  cell  types  were  exam¬ 
ined  at  more  than  two  gate  settings.  These  data  sug¬ 
gest  that  upon  transduction  of  TM1,  E-cadherin  and 
0-catenin  are  more  tightly  linked  to  the  cytoskeleton, 
which  is  in  line  with  the  immunoblotting  results  (Fig. 
6).  Under  these  conditions,  a  and  y  catenins,  however, 
were  found  to  be  at  comparable  levels  in  MCF-7  and 
MCF-7/T  cells  (data  not  shown). 

Effects  of  restoration  of  TM1  on  other  breast  cancer 
cells.  TM1  expression  is  lacking  in  several  other 
breast  carcinoma  cell  lines  [12].  To  test  whether  TM1 
functions  as  a  suppressor  in  other  breast  carcinoma 
cell  fines,  or  the  anti-transformation  effects  of  TM1  are 
limited  to  MCF-7  cells,  we  utilized  the  widely  studied 
MDA  MB  231  cells.  MDA  MB  231  cells  are  estrogen 
receptor-negative  cells  and  highly  invasive  cells  with 
fibroblastic  features  [37],  MDA  MB  231  cells  were 
transduced  with  TM1  and  several  cell  fines  (MDA  MB 
231/T  cells)  were  isolated.  Figure  8A  shows  immuno¬ 
blotting  with  TM  1-specific  antibody  and  a  polyclonal 
TM  antibody  of  parental  and  transduced  MDA  MB  231 
cell  lysates.  In  agreement  with  the  data  of  Fig.  IB, 
MDA  MB  231  cells  express  only  TM38,  but  not  TM1, 
and  accordingly  a  signal  corresponding  to  TM38  was 
detected  (Fig.  8A,  middle).  In  two  separate  clones  of 
MDA  MB  231/T  cells,  transduced  TM1  is  detected  with 
TMl-specific  (Fig.  8A,  top)  and  polyclonal  antibody 
(Fig.  8A,  middle).  For  comparison,  we  included  MCF-7 
and  MCF-7/T1  cell  lines,  as  TM1  is.present  in  the  latter 
cell  line. 

Next,  we  examined  whether  TM1  suppresses  the 
anchorage-independent  growth  of  MDA  MB  231  cells. 
Two  independent  cell  lines  expressing  TM1  and  un¬ 
modified  MDA  MB231  cells  were  plated  in  soft  agar 
and  the  colony  formation  was  examined  (Fig.  8B).  The 
MDA  MB  231  cells  grew  very  rapidly  and  formed  large 
colonies  within  2  weeks,  while  the  TMl-transduced 
cells  did  not  show  any  growth  even  after  3  weeks  in 
culture.  These  data  indicate  that  restoration  of  TM1 
expression  is  adequate  to  abolish  a  key  attribute  of 
transformed  phenotype  of  MDA  MB  231  cells.  These 
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FIG.  7.  (A)  Organization  of  E-cadherin  and  /3-catenin.  MCF-7  (A  and  B)  and  MCF-7/T  (C  and  D)  cells  were  stained  with  either  E-cadherin 
(A  and  C)  or  /3-catenin  (B  and  D)  and  examined  by  immunocytochemistry.  In  both  cell  types,  the  cel]  adhesion  molecules  are  found  at  the 
cell-cell  junctions.  (B)  E-cadherin  and  /3-catenin  are  tightly  associated  at  the  cell-cell  junctions  of  MCF-7/T  cells.  MCF-7  (a  and  b)  and 
MCF-7/T  (c  and  d)  cells  were  stained  with  either  E-cadherin  (a  and  c)  or  /3-catenin  (b  and  d).  The  samples  were  exposed  at  different  gate 
settings  to  accumulate  different  numbers  of  frames,  which  is  dependent  on  the  intensity  of  the  signal.  E-cadherin-stained  samples  were 
photographed  at  16  frames,  and  /3-catenin  at  8  frames.  Images  at  other  higher  or  lower  settings  are  not  shown. 


findings  further  support  the  hypothesis  that  TM1  is  a 
suppressor  of  neoplastic  transformation. 

DISCUSSION 

It  is  now  widely  recognized  that  normal  functioning 
of  the  cytoskeleton  is  essential  for  maintaining  normal 
growth  and  differentiation.  For  example,  actin  micro¬ 
filaments  are  important  determinants  of  cell  morphol¬ 
ogy,  cell  motility,  cell  polarity,  and  cell  division.  In 
addition,  reorganization  of  actin  microfilaments  occurs 
in  response  to  activation  of  integrins  and  it  is  likely  to 
play  an  important  role  in  “inside  out”  signaling  [5],  The 
attachment  of  cadherin-catenin  complexes  to  micro¬ 
filaments  is  known  to  strengthen  cell- cell  adhesion 
and  contribute  to  tissue  integrity.  Furthermore,  more 
recent  data  suggest  that  many  signaling  molecules  are 
linked  to  microfilaments  [38,  39].  Transformed  cells 
generally  lack  well-defined  microfilament  bundles 
which,  besides  being  a  cause  for  loss  of  normal  mor¬ 


phology,  are  potentially  important  contributing  factors 
for  metastatic  behavior  [3], 

Several  lines  of  evidence  presented  herein  support 
the  thesis  that  TM1  is  a  suppressor  of  the  transformed 
phenotype  of  breast  cancer  cells:  (i)  restoration  of  TM1 
expression  results  in  the  growth  of  MCF-7  cells  as 
tighter  colonies  with  a  more  glandular  morphology, 
while  the  parental  and  wild-type  MCF-7  cells  grow  as 
more  scattered  colonies;  (ii)  TM1  expression  leads  to 
significantly  decreased  growth  in  monolayer  cultures; 
and  (iii)  TM1  expression  completely  abolishes  the  an¬ 
chorage-independent  growth  of  two  spontaneously 
transformed  breast  cancer  cells,  viz.  MCF7  and  MDA 
MB  231  cells.  Earlier  work  from  this  laboratory  has 
demonstrated  that  TM1  reverts  the  transformed  phe¬ 
notype  of  Ki-ras-  or  y-src-transformed  fibroblasts. 
Taken  together,  these  findings  support  the  notion  that 
TM1  could  be  a  general  suppressor  of  malignant  trans¬ 
formation. 
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FIG.  7 — Continued 


Many  key  questions,  however,  remain  regarding  the 
role  of  TM1  in  malignant  transformation.  First,  although 
TM1  expression  has  been  shown  to  be  downregulated  or 
lacking  in  many  tumor  cell  lines,  it  is  not  clear  whether 
the  expression  of  TM1  is  lost  in  primary  tumor  tissues.  A 
main  reason  for  this  gap  in  understanding  the  role  of 
TM1  in  cellular  transformation  is  the  lack  of  suitable 
reagents  to  assess  TM1  expression  specifically  in  tissues 
where  multiple  TM  isoforms  are  expressed.  The  down- 
regulation  of  TM1  expression  in  breast  and  other  cancer 
cells  appears  to  be  mediated  by  TM1  promoter  methyl- 
ation  and  histone  deacetylation  [40] . 

Second,  the  mechanism  of  TMl-mediated  suppres¬ 
sion  of  transformed  growth  is  poorly  understood.  TM1 
is  a  structural  protein  and  does  not  possess  the  func¬ 
tional  domains  that  may  mediate  specific  protein-pro¬ 
tein  interactions,  which  could  readily  explain  its  role  as 
a  suppressor  of  transformation.  TM1,  like  other  TMs,  is 
an  actin-binding  protein,  and  we  find  that  TM1  alone 
restores  microfilament  architecture  and  suppresses 
the  transformed  growth  phenotype:  other  TMs,  such  as 
TM2,  cooperate  with  TM1  in  reorganizing  the  cytoskel¬ 
eton  [28] .  We  investigated  the  possibility  that  the  TM1- 
induced  cytoskeleton  could  be  important  in  the  rever¬ 
sion  of  transformed  growth. 


Cadherin-catenin  complexes  mediate  cell- cell  adhe¬ 
sion  and  a  number  of  studies  have  demonstrated  that 
the  integrity  and  functioning  of  these  cell  adhesion 
complexes  are  disrupted  in  many  types  of  cancers,  in¬ 
cluding  those  originating  in  breast  [41-43].  E-cad- 
herin,  often  referred  to  as  a  metastasis  suppressor,  is 
either  generally  expressed  at  low  levels  [2,  44]  or  mu¬ 
tated  in  some  breast  cancer  specimens  [45,  46],  The 
interactions  of  cadherin-catenin  complexes  with  the 
cytoskeleton  are  important  in  maintaining  normal  ad¬ 
hesion  via  cadherins  [33,  34]. 

In  TM  1-expressing  revertants  of  MCF-7  cells,  while 
there  appear  to  be  no  qualitative  differences,  E-cad- 
herin  and  the  catenins  are  more  tightly  coupled  to 
cytoskeleton,  as  evident  from  the  differential  extract- 
ability  of  these  proteins.  Enhanced  detergent  solubility 
of  E-cadherin  and  /3-catenin  is  more  frequently  ob¬ 
served  in  transformed  cells,  which  may  result  in  the 
assembly  of  defective  adhesion  junctions.  In  TMl-ex- 
pressing  revertant  cells,  E-cadherin  and  0-catenin  are 
more  tightly  associated  with  the  cytoskeleton,  as  evi¬ 
denced  by  immunoblotting  studies  (Figs.  6  and  7)  and 
immunofluorescence  experiments.  Consistent  with  these 
data,  it  was  reported  that  ras  transformation  of  breast 
epithelial  cells  does  not  change  the  expression  of 
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MDA  MB  231  MDA  MB  231/T  MDA  MB  231/T 

FIG.  8.  TM1  expression  suppresses  the  anchorage-independent 
growth  of  MDA  MB  231  cells.  (A)  TMl  expression  in  MDA  MB  231 
cells  and  TMl-transduced  cells  was  determined  by  immunoblotting 
with  TMl-specific  (top)  and  TM  polyclonal  (middle)  antibodies,  as 
described  in  Fig.  IB.  (B)  Ten  thousand  cells  of  MDA  MB  231  and  two 
MDA  MB  231/T  cells  were  cultured  in  soft  agar  for  3  weeks,  and  the 
colonies  were  enumerated  as  described  under  Materials  and  Meth¬ 
ods.  While  MDA  MB  231  cells  grew  in  soft  agar  and  formed  3660 
colonies,  with  MDA  MB  231/T  cells  no  growth  was  detected. 

E-cadherin  or  /3-catenin,  but  results  in  the  increased 
detergent  solubility  of  these  molecules  [31].  Increased 
association  with  the  cytoskeletal  elements  is  also  re¬ 
flected  in  the  localization  of  E-cadherin  and  0-catenin 
to  cell- cell  boundaries  of  the  revertant  cells.  Current 
efforts  are  directed  at  investigating  the  biochemical 
basis  of  these  interactions. 

This  work  is  supported  by  grants  from  the  U.S.  Department  of 
Defense  Breast  Cancer  Program  (CDA  DAMD-98-1-8162  and 
DAMD-991-9395)  and  the  American  Cancer  Society  (RPG-99-069-01- 
CSM). 
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Suppression  of  tropomyosins  (TMs),  a  family  of  actin- 
binding,  microfilament-associated  proteins,  is  a  prominent 
feature  of  many  transformed  cells.  Yet  it  is  unclear 
whether  downregulation  of  TMs  occur  in  human  tumors. 
We  have  investigated  the  expression  of  tropomyosin-1 
(TM1)  in  human  breast  carcinoma  tissues  by  in  situ 
hybridization  and  immunofluorescence.  TM1  mRNA  and 
protein  are  readily  detectable  in  normal  mammary  tissue. 
In  contrast,  TM1  expression  is  abolished  in  the  primary 
human  breast  tumors.  Expression  of  other  TM  isoforms, 
however,  is  variable  among  the  tumors.  The  consistent  and 
profound  downregulation  of  TM1  suggests  that  TM1  may 
be  a  novel  and  useful  biomarker  of  mammary  neoplasms. 
These  data  also  support  the  hypothesis  that  suppression  of 
TM1  expression  during  the  malignant  conversion  of 
mammary  epithelium  as  a  contributing  factor  of  breast 
cancer.  In  support  of  this  hypothesis,  we  show  that  the 
ability  to  suppress  malignant  growth  properties  of  breast 
cancer  cells  is  specific  to  TM1  isoform.  Investigations  into 
the  mechanisms  of  TMl-induced  tumor  suppression  reveal 
that  TM1  induces  anoikis  (detachment  induced  apoptosis) 
in  breast  cancer  cells.  Downregulation  of  TM1  in  breast 
tumors  may  destabilize  microfilament  architecture  and 
confer  resistance  to  anoikis,  which  facilitates  survival  of 
neoplastic  cells  outside  the  normal  microenvironment  and 
promote  malignant  growth. 

Oncogene  (2003)  22,  6194-6203.  doi:10.1038/sj.onc,1206719 

Keywords:  tropomyosin;  breast  cancer;  tumor  suppres¬ 
sor;  anoikis;  biomarker 


Introduction 

During  neoplastic  transformation,  cells  undergo  numer¬ 
ous  biochemical  changes,  some  of  which  confer  a 
selective  advantage  over  their  normal  counterparts  to 
facilitate  malignant  growth.  These  changes  include 
mutational  inactivation  of  tumor  suppressor  proteins, 
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activation  of  oncogenes  and  other  epigenetic  events 
(Fearon  and  Vogelstein,  1990;  Beckmann  et  al.,  1997). 
Elucidation  of  these  causal  molecular  events  is  necessary 
to  develop  better  tumor  markers  and  identify  effective 
targets  for  cancer  treatment.  A  number  of  research 
groups  have  demonstrated  that  suppression  of  high-Mr 
tropomyosin  (TM)  isoforms  (tropomyosin- 1  and  tropo- 
myosin-2)  occurs  in  malignant  cells,  suggesting  a  role  for 
these  proteins  in  neoplastic  transformation  (Hendricks 
and  Weintraub,  1981;  Matsumura  et  al.,  1983;  Cooper 
et  al.,  1985;  Bhattacharya  et  al.,  1990). 

TMs  are  a  family  of  actin-binding  proteins  that 
stabilize  microfilaments  and  are  expressed  with  a  high 
degree  of  tissue  specificity  (Lin  et  al.,  1997;  Pawlak  and 
Helfman,  2001).  TMs  may  be  broadly  categorized  into 
high-  and  low-Mr  species  depending  on  their  size.  In 
nonmuscle  cells,  such  as  fibroblasts  and  epithelial  cells, 
multiple  high-Mr  TMs  are  expressed,  which  are  referred 
to  as  isoforms  TM1,  TM2  and  TM3;  additionally, 
epithelial  cells  also  express  another  protein  designated  as 
TM38.  Similarly,  smooth  muscle  cells  express  two  TM 
isoforms,  TM1  and  TM2.  Previous  work  from  this 
laboratory  has  demonstrated  that  multiple  TM  isoforms 
are  downregulated  in  human  breast  carcinoma  cells 
(Bhattacharya  et  al.,  1990).  More  significantly,  expres¬ 
sion  of  TM1  was  consistently  abolished  in  most 
commonly  studied  breast  cancer  cell  lines,  indicating 
that  loss  of  TM1  could  be  an  important  event  in 
mammary  carcinogenesis.  This  finding  is  in  line  with  the 
general  observations  that  most  neoplastic  cells  exhibit 
altered  cellular  morphology  and  contain  disorganized 
microfilaments,  and  that  suppression  of  TM1  is  a 
common  biochemical  event  in  cells  transformed  by  diverse 
oncogenic  modalities  (Cooper  et  al.,  1985).  We  hypothe¬ 
sized  that  loss  of  TM1  results  in  the  formation  of 
disorganized  microfilaments,  which  in  turn,  facilitate 
neoplastic  conversion.  Consistent  with  this  hypothesis, 
TM1  reorganizes  actin  filaments  and  functions  as  a 
supp-ressor  of  malignant  transformation  (Prasad  et  al., 
1993,  1999;  Braverman  et  al.,  1996;  Mahadev  et  al.,  2002). 

Since  many  breast  carcinoma  cell  lines  lack  TM1, 
we  considered  whether  TM1  could  serve  as  a  poten¬ 
tial  tumor  marker.  Two  previous  studies,  utilizing 
biochemical  methods,  have  suggested  that  TM1  expres¬ 
sion  may  be  enhanced  in  breast  tumors  (Franzen  et  al.. 
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1996,  1997).  However,  we  believe  that  accurate  assess¬ 
ment  of  TM1  expression  in  tissues  by  biochemical 
methods  is  difficult  for  several  reasons.  For  example,  (1) 
multiple  TM  proteins  share  extensive  sequence  homol¬ 
ogy;  (2)  TM  1  is  expressed  in  multiple  cell  types  present 
in  tissues.  In  addition  to  epithelial  and  stromal  cells, 
smooth  muscle  cells  of  tumor  vasculature  express 
abundant  amounts  of  TM1  and;  (3)  the  lack  of 
isoform-specific  antibodies  has  rendered  the  accurate 
assessment  of  TM1  protein  by  immunohistochemistry  in 
human  tissues  difficult.  In  this  communication,  we  have 
investigated  whether  TM1  expression  is  altered  in 
human  breast  carcinomas,  and  the  isoform  specific 
breast  cancer  suppression  by  TMs.  We  also  report  that 
inhibition  of  malignant  growth  of  breast  cancer  cells  by 
TM1  involves  induction  of  anoikis. 


Results 

Since  TM1  expression  is  consistently  lost  in  breast 
cancer  cells,  and  TM  1  suppresses  the  malignant  growth 
of  breast  cancer  cells  (Mahadev  et  al.,  2002),  we  have 
chosen  to  investigate  changes  in  TM1  expression  in 
breast  cancer.  We  utilized  in  situ  hybridization  and 
immunofluorescence  methods  to  validate  the  RNA 
probes  and  TM1  -specific  antibody  (data  not  shown) 
using  MCF10A  and  MCF-7  cells,  which  contain  known 
TM  profiles  (Bhattacharya  et  al.,  1990).  TM1  expression 
was  detected  in  MCF-10A  cells;  MCF-7  cells,  on  the 
other  hand,  lacked  TM1  mRNA  and  protein,  in 
agreement  with  the  Northern  blotting  data  and  two- 
dimensional  gel  analyses. 

TM1  mRNA  expression  is  downregulated  in  breast  cancer 

To  determine  whether  TM1  expression  is  altered  in 
breast  tumors,  in  situ  hybridization  was  performed. 
Adjacent  normal  tissues  from  the  breast  cancer  patients, 
as  judged  by  gross  examination  and  histology,  were  also 
used.  TM1  expression  was  readily  detectable  by  the 
intense  labeling  of  silver  grains  in  the  normal  ducts 
(Figure  1).  Adjacent  sections  hybridized  to  the  control 
sense  probe  lacked  specific  signal  and  pattern,  and  was 
diffuse  and  weak. 

Analysis  of  the  adjacent  invasive  tumor  tissue 
revealed  profound  differences  in  TM1  expression 
compared  to  the  normal  tissue.  The  invasive  breast 
tumor  tissue  lacked  any  detectable  TM1  mRNA,  and 
the  signal  obtained  with  the  antisense  probe  and  the 
control  sense  probe  was  essentially  identical.  The  signal 
obtained  with  the  antisense  probe  in  tumor  tissue  was 
comparable  to  that  obtained  with  the  background 
signal.  Analysis  of  five  different  normal  ducts  and 
malignant  cells  revealed  significant  differences  between 
the  tissues.  The  mean  intensity,  indicative  of  the 
abundance  of  TM1  mRNA  in  normal  ducts,  was 
29.7  ±8.1  (mean  +  s.d.)  after  subtracting  the  background 
signal  obtained  with  the  sense  probe.  In  contrast,  TM1 
mRNA  levels  in  the  tumor  tissue  corresponded  to  a 
mean  value  of  3.8 ±2.8  over  the  background.  Thus, 
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Figure  1  TM1  mRNA  expression  in  normal  and  malignant  breast 
tissue:  normal  and  malignant  breast  tissues  were  hybridized  with 
antisense  (top  and  middle  panels)  and  sense  TM1  probes  (bottom 
panel),  and  developed  as  described  in  Materials  and  methods. 
Samples  were  photographed  in  bright  field  to  view  the  tissue 
architecture,  and  in  dark  field  to  view  the  silver  grains  indicative  of 
TM1  expression.  H&E  staining  of  the  tissue,  sense  probe 
hybridization  of  tumor  tissue  are  not  depicted.  Samples  were 
photographed  at  x  25  magnification 


TM1  expression  is  profoundly  suppressed  in  breast 
tumors. 

Immunohistochemical  analysis  of  TM1  expression  in 
invasive  breast  cancer 

To  further  evaluate  changes  in  TM1  expression,  we  have 
performed  immunohistochemistry  on  the  same  set  of 
tissues  used  for  in  situ  studies. 

Immunofluorescence  analysis  of  normal  breast  epithe¬ 
lium  with  a  TM1  -specific  antibody  (Mahadev  et  al., 
2002)  revealed  specific  staining  of  both  myoepithelial 
and  luminal  epithelial  layers  of  the  ducts  for  TM1 
(Figure  2a).  Omission  of  the  primary  antibody  in  the 
reaction  (background)  did  not  produce  any  detectable 
staining.  Autofluorescence  in  the  FITC  channel  revealed 
background  signal  that  did  not  interfere  with  the  TM1 
signal. 

Malignant  breast  epithelium,  on  the  other  hand, 
lacked  any  detectable  TM1,  and  the  signal  intensity  in 
the  tumor  area  was  equal  to  that  obtained  with  omission 
of  the  primary  antibody  (Figure  2b).  The  blood  vessels 
present  in  the  tumor,  however,  stained  intensely  with 
TM1  antibody,  indicating  that  the  lack  of  staining  in 
tumor  tissue  was  not  due  to  the  inability  of  the  antibody 


Oncogene 


TMI  expression  Background  TMI  expression  Background 


Figure  2  Expression  of  TM1  protein  in  normal  and  malignant  breast  tissues:  (a)  TMI  is  expressed  in  normal  ducts.  Tissue  sections 
were  stained  with  TMI -specific  antibody,  and  TMI  staining  was  viewed  with  a  rhodamine  cube,  or  autofluorescence  was  recorded 
through  FTTC  cube.  A  parallel  section  was  processed  by  omitting  the  primary  antibody  for  negative  control  (background).  H&E 
staining  of  the  tissue  sample  is  also  shown,  (b)  Tumor  tissue  lacks  expression  of  TMI:  breast  tumor  stained  with  TMI -specific  antibody 
(TMI  expression),  negative  control  (background)  and  nuclear  morphology  along  with  H&E  staining  are  shown.  While  the  tumor  area 
lacks  TMI  staining,  a  blood  vessel  in  the  tumor  reacts  strongly,  serving  as  a  positive  control  for  TMI  staining,  x  25  magnification 


to  detect  TMI.  TMI  expression  was  undetectable  in  any 
of  the  25  tumors  tested,  independent  of  any  other 
parameters  such  as  the  stage,  nodal  status,  hormone 
receptor  status,  proliferative  index  or  HER2/neu  status. 

Quantitation  of  TMI  expression  in  tumor  tissues 
revealed  a  significant  decrease  compared  with  the 
normal  tissue.  We  measured  relative  luminosity  in  10 
normal  and  nine  tumor  tissue  images,  along  with  14 
background  images  taken  from  different  tissues.  Based 
on  results  from  a  mixed  model,  the  adjusted  mean  levels 
of  luminosity  in  normal  tissues  are  47.5  +  1.1,  for  tumor 
tissues  16.2+1.1,  and  the  background  signal  is  15. 3+ 1.1 
(mean  +  s.e.).  TMI  expression  levels  in  normal  tissues 
over  the  background  are  highly  significant  (P<  0.0001). 
The  difference  in  TMI  protein  levels  between  normal 
and  tumor  tissues  is  highly  significant  (P<0.0001), 
indicating  a  profound  downregulation  of  TMI  in  breast 
tumors.  However,  the  difference  between  tumor  and  the 
background  signal  was  not  significant  (P  =  0.63).  These 
results  demonstrate  that  while  normal  mammary  tissues 
express  abundant  quantities  of  TMI,  the  malignant 
breast  tumors  essentially  lack  TMI. 

To  investigate,  whether  in  addition  to  TMI,  other 
TMs  are  also  downregulated  in  breast  tumors,  tissue 
sections  were  screened  with  a  pan-TM  antibody  which 
reacts  preferentially  with  the  high-Mr  TMs,  including 
TMI  (Bhattacharya  et  al.,  1990;  Mahadev  et  at.,  2002). 
The  normal  ducts  were  intensely  stained  with  the  pan- 
TM  antibody,  indicating  the  expression  of  TMI  and 
other  TMs  in  both  the  basal  and  luminal  epithelial  cells 
(Figure  3a).  In  breast  tumor  specimens,  however,  the 
staining  pattern  was  variable.  In  most  tumors  (19/25, 


76%)  no  signal  was  detected,  indicating  lack  of  or  low 
level  of  expression  of  TMs  (Figure  3b;  Table  1).  Blood 
vessels  present  in  tumor  tissue  intensely  stained, 
demonstrating  the  reactivity  of  TM  antibody. 

In  a  significant  number  (6/25  samples;  24%  of  breast 
tumors;  Table  1)  of  tumor  tissues,  the  pan-TM  antibody 
reactivity  was  readily  evident  by  the  intense  staining  of 
tumor  tissues,  indicating  the  expression  of  other  TM 
proteins  (Figure  3c).  The  same  set  of  samples  stained 
negative  for  TMI  expression  in  parallel  experiments, 
indicating  that  TMI  was  consistently  abolished  in  breast 
tumors,  and  expression  of  other  TMs  was  variable.  The 
widespread  suppression  of  TMI  in  breast  carcinomas 
and  the  ability  of  TM  I  to  inhibit  malignant  growth  of 
breast  cancer  cells  strengthens  the  hypothesis  that  TMI 
is  a  tumor  suppressor  (Prasad  et  at.,  1993,  #5;  Prasad  et 
at.,  1999,  #6;  Mahadev  et  at.,  2002,  #41).  Taken 
together,  our  findings  suggest  that  the  loss  of  TMI 
expression  is  a  crucial  event  that  directly  contributes  to 
mammary  carcinogenesis. 

Isoform-specific  suppression  of  malignant  growth  of 
breast  cancer  cells  by  TMI 

Since  both  TMI  and  TM2  share  extensive  sequence 
homology  (Figure  4a),  and  contrary  to  our  findings 
(Braverman  et  al,  1996),  TM2  is  suggested  to  function 
as  a  ras-suppressor  (Janssen  and  Mier,  1997),  we  have 
tested  the  effect  of  restoration  of  TM2  in  breast  cancer 
cells.  Stable  expression  of  TM2  failed  to  inhibit  the 
anchorage-independent  growth  of  MCF-7  cells 
(Figure  4b).  Both  parental  MCF-7  cells  and  those 
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3  Normal  b  Tumor  C  Tumor 


Figure  3  Expression  of  other  TM  isoforms  is  variable  in  breast  tumors.  Tissues  were  stained  with  a  pan-TM  antibody  that  reacts  with 
multiple  TM  proteins  (top  panels,  labeled  as  TM  expression).  The  samples  were  also  reacted  with  DAPI  to  visualize  nuclear 
morphology  and  tissue  architecture  (bottom  panels,  marked  as  Nuclear  morphology)  following  the  antibody  incubations,  (a)  The  pan- 
TM  antibody  detects  TMs  isoforms  in  mammary  epithelium,  (b)  A  tumor  sample  with  no  detectable  TM  staining.  However,  TMs 
expressed  in  a  blood  vessel  are  readily  detected.  Area  of  the  tumor  is  identified  with  "T  in  the  top  panel,  (c)  A  tumor  sample  with 
reactivity  to  pan-TM  antibody 


Table  1  TM  expression  in  breast  tumors 


Tissues 

Number  of  tissues  expressing 

TMI 

Other  TMs 

Normal  breast  epithelium 

All 

All 

Malignant  breast  tissue 

0/25 

6/25 

expressing  TM2  formed  colonies  in  agar,  indicating  that 
TM2  is  not  a  suppressor  of  transformation  in  breast 
cancer  cells. 

Adenoviral  transduction  of  TM1,  on  the  other  hand, 
suppresses  anchorage-independent  growth  of  MCF-7 
cells  (Figure  4c).  We  have  transduced  MCF-7  cells  using 
the  AdEasy  system,  which  allows  for  coexpression  of 
green  fluorescent  protein  (GFP)  along  with  wild-type 
TM1  (AdTMl).  TM1  expressing  MCF-7  cells,  visua¬ 
lized  by  GFP  expression,  failed  to  grow  under  ancho¬ 
rage-independent  conditions,  while  those  not  infected 
with  AdTMl  virus,  or  those  transduced  with  the  control 
virus  expressing  only  GFP  (AdGFP),  grew  aggressively. 
Since  MCF-7  cells  grow  as  clumps,  during  the  initial 
culture  period,  GFP  expressing  clumps  were  evident, 
which  diminished  with  time.  At  the  end  of  20  days  of 
culture,  essentially  all  of  the  TMI  expressing  cells  died, 
as  observed  by  lack  of  GFP  expressing  cells.  MCF-7 
cells  transduced  with  AdGFP  virus  yielded  4870 
colonies  of  cells  positive  for  GFP  in  this  representative 
experiment.  In  contrast,  transduction  of  MCF-7  cells 
with  TMI  resulted  in  a  50%  decrease  in  total  number  of 
colonies  compared  to  those  infected  with  the  control 
virus,  reflecting  the  50%  efficiency  of  the  adenoviral 
transduction  in  this  experiment.  These  data  further 
support  the  isoform  specificity  of  TMI -mediated  sup¬ 


pression  of  the  malignant  growth  properties  of  breast 
cancer  cells  (Braverman  el  al.,  1996). 

TMI  induces  anoikis  in  breast  cancer  cells 

In  efforts  to  better  understand  TMI -mediated  tumor 
suppression,  we  have  investigated  whether  TMI  mod¬ 
ulates  cell  cycle.  As  depicted  in  Figure  5a,  asynchronous 
populations  ofMCF-7/TMl  cells  contained  significantly 
lower  fraction  of  cells  in  S  phase  compared  to  MCF-7 
cells.  The  number  of  cells  in  G2-M  phase  was  slightly 
higher  in  MCF-7/TM1  cells  than  in  the  parental  cells. 
Furthermore,  5-bromo-2'-deoxyuridine  (BrdU)  incor¬ 
poration  studies  (Figure  5b)  also  revealed  that  TMI 
expression  decreases  the  S  phase  in  MCF-7  cells.  The 
S-phase  fraction  values  for  MCF-7  cells  (34.4%)  were 
significantly  higher  than  with  MCF-7/TM1  (20.7%), 
indicating  a  lower  rate  of  DNA  synthesis.  Interestingly, 
a  significant  number  of  MCF-7/TM1  cells,  although 
were  in  S  phase  (based  on  DNA  content),  remained 
‘inactive’  as  judged  by  BrdU  incorporation  (Figure  5b). 
Thus,  the  slower  monolayer  growth  of  MCF-7/TM1 
cells  observed  in  previous  studies  (Mahadev  eta/.,  2002) 
is  due  to  a  decrease  in  S-phase  fraction,  and  does  not 
fully  explain  tumor  suppression  by  TMI. 

One  of  the  hallmarks  of  malignant  growth  is  to 
acquire  resistance  to  undergo  apoptosis  when  deprived 
of  normal  cell-matrix  interactions,  also  known  as 
anoikis  (Frisch  and  Screaton,  2001;  Stupack  and 
Cheresh,  2002).  TMI  restoration  in  many  transformed 
cells  profoundly  suppresses  anchorage-independent 
growth,  indicating  that  TMI  resensitizes  malignant  cells 
to  adhesion-dependent  survival.  Therefore,  we  have 
further  investigated  whether  TMI -mediated  tumor 
suppression  involves  anoikis. 
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Figure  4  Isoform  specificity  of  tumor  suppression  by  TMI.  (a) 
Comparison  of  TMI  and  TM2  proteins.  TMI  and  TM2  share 
extensive  sequence  homology  except  in  the  sequence  coded  by  two 
alternatively  spliced  exons  (amino  acids  189-213  and  258-284).  The 
asterisks  identify  unique  cysteine  residues  in  TMI  (cys  35)  and 
TM2  (cys  190).  (b)  TM2  is  not  a  tumor  suppressor  of  breast  cancer 
cells:  MCF-7  cells  were  transfected  to  restore  the  expression  of 
TM2,  and  stably  selected  cells  were  tested  for  TM2  expression 
using  a  commercial  antibody  (TM31 1,  Sigma).  Unmodified  MCF-7 
cells,  empty  vector  transduced  cells  (MCF-7 /V),  TM2  and  TMI 
expressing  MCF-7  cells  were  used  in  the  immunoblotting  experi¬ 
ment  (top).  Parental  and  TM2  expressing  MCF-7  cells  were 
cultured  under  anchorage-independent  conditions  (bottom),  (c) 
Adenoviral  transduction  of  TMI  suppresses  anchorage-indepen- 
dent  growth  of  MCF-7  cells:  control  and  TMI  expressing 
adenoviruses  were  used  to  infect  MCF-7  cells  at  50%  efficiency 
for  24  h,  and  then  2  x  W  cells  were  plated  on  soft  agar.  Colony 
formation  was  monitored  and  the  GFP-expression  was  recorded. 
TMI  expressing  cells  did  not  grow,  as  evidenced  by  lack  of  GFP 
signal,  while  the  control  vector  transduction  yielded  a  large  number 
of  GFP-positive  colonies.  Images  were  captured  at  x  10  magnifica¬ 
tion  using  FITC  cube.  The  bright  field  images  are  not  shown. 
Results  of  a  representative  experiment  are  shown 


MCF-7/TM1  and  MDA  MB  231  /TMI  were  cultured 
in  suspension  and  tested  for  cell  survival  and  apoptosis. 
Unmodified  MCF-7  cells,  and  those  transduced  with 
TMI  were  cultured  on  polyHEMA-coated  dishes  to 
prevent  adhesion  to  substratum,  and  examined  nuclear 


morphology  to  determine  whether  TMI  induces  anoikis. 
MCF-7/TM1  cells,  when  cultured  in  suspension,  ex¬ 
hibited  fragmented  and  dense  nuclei  consistent  with 
apoptosis,  indicating  that  TMI  induces  anoikis  in  MCF- 
7  cells  (Figure  6a).  However,  there  was  no  evidence  of 
apoptosis  in  parallel  suspension  cultures  of  MCF-7  cells 
(Figure  6a),  or  adherent  cultures  of  MCF-7  and  MCF-7/ 
TMI  cells  (data  not  shown).  Next,  we  investigated 
whether  MCF-7/TM2  cells  undergo  anoikis.  Unlike, 
MCF-7/TM1  cells,  MCF-7/TM2  cells  had  exhibited 
resistance  to  anoikis,  as  determined  by  nuclear  mor¬ 
phology  (Figure  6a).  Consistent  with  this  result, 
parental  MCF-7  and  MCF-7/TM2  cells  did  not 
accumulate  DNA  in  subG0-G]  fraction  of  cell  cycle, 
which  is  indicative  of  apoptosis,  and  the  cell  cycle 
pattern  was  comparable  to  that  of  the  adherent  cells 
(data  not  shown).  These  results  indicate  that  TMI,  but 
not  TM2,  sensitize  breast  cancer  cells  to  detatchment- 
induced  apoptosis,  which  is  in  agreement  with  the  results 
of  anchorage-independent  growth  experiments 
(Figure  4a). 

To  further  examine  whether  TMI -mediated  tumor 
suppression  of  breast  cancer  involves  anoikis  or  it  is  a 
cell-type-specific  effect  in  MCF-7  cells,  we  tested  the 
ability  of  TMI  to  sensitize  MDA  MB  231  cells  to 
undergo  detachment-induced  apoptosis.  As  shown  in 
Figure  6b,  MDA  MB  231/TM1  cells  were  undergoing 
massive  cell  death  (70%)  by  24  h  of  suspension  culture, 
while  unmodified  MDA  MB  231  cells  exhibited  back¬ 
ground  apoptosis  (8.3%).  A  likely  reason  for  rapid 
induction  of  anoikis  by  TMI  in  MDA  MB  231  cells 
is  that  MCF-7  cells  exhibit  stronger  cell-cell  adhesion 
due  to  the  expression  of  E-cadherin  (Sommers  et  al, 
1994).  Since  cell-cell  interactions  also  provide  survival 
signals,  the  onset  of  anoikis  may  have  been  delayed  in 
MCF-7  cells  expressing  TMI.  Moreover,  TMI  expres¬ 
sion  appears  to  result  in  increased  cytoskeletal  associa¬ 
tion  of  E-cadherin  complex  (Mahadev  et  al.,  2002), 
presumably  leading  to  enhanced  cell-cell  interactions. 

Since  TMI  expression  induces  profound  and  rapid 
anoikis  in  MDA  MB  231  cells,  we  next  examined  the 
kinetics  of  induction  of  anoikis  by  TMI  by  flow 
cytometry,  and  determined  the  accumulation  of  DNA 
in  subG0-Gi  fraction  of  cell  cycle.  By  6  h  of  culture  in 
suspension,  TMI  expressing  cells  accumulated  34%  of 
DNA  in  subGo-G]  fraction,  (Figure  6b  and  c).  In 
contrast,  MDA  MB  231  cells  did  not  contain  any  DNA 
in  the  subG0-G,  fraction,  indicating  normal  growth 
(Figure  6a).  The  subG0-Gi  phase  increased  with  time  in 
suspension  cultures  of  MDA  MB  231 /TMI  cells 
reaching  70%.  MDA  MB  231  cells,  in  contrast, 
exhibited  normal  cell  cycle  pattern  and  significantly 
lower  (about  13%)  DNA  in  subG0-G)  fraction  com¬ 
pared  to  TMI  expressing  cells  by  24 h  (Figure  6c). 
Adherent  cultures  of  both  cell  types,  however,  contained 
background  (<5%)  quantities  of  fragmented  DNA 
(boxes  marked  ‘adh’,  Figure  6c).  These  data  indicate 
that  TMI  induces  anoikis  in  breast  cancer  cells,  and 
resensitization  of  the  tumor  cells  to  anoikis  is  an 
important  mechanism  through  which  TMI  exerts  tumor 
suppression. 


Oncogene 


f 


Tropomysin  in  breast  cancer 
GN  Raval  et  al 


6199 


Figure  5  TM1 -induced  cell  cycle  changes  MCF-7  cells,  (a)  Asynchronously  growing  MCF-7  and  MCF-7/TM1  cells  were  subjected  to 
cell  cycle  analysis.  Trypsinized  cells  were  detergent  extracted,  stained  with  propidium  iodide  and  analysed  by  flow  cytometry. 
Distribution  of  cells  in  each  phase  of  the  cells  is  given,  (b)  S-phase  analysis  was  carried  out  by  pulse  labeling  cells  with  BrdU  as 
described  in  Materials  and  methods.  The  S-phase  fraction  values  (SPF),  indicative  of  the  synthesis  were  calculated  from  two 
independent  experiments.  The  average  SPF  values  for  MCF-7/TM1  were  derived  from  experiments  involving  three  independent  clones 


Discussion 

The  present  work  demonstrates  that  downregulation  of 
TM1  expression  occurs  in  invasive  breast  cancers,  and 
that  restoration  of  TM1  expression  induces  anoikis  in 
breast  cancer  cells.  Loss  of  TM1  expression  is  likely  to 
destabilize  microfilament  architecture,  and  render  breast 
tumor  cells  resistant  to  anoikis.  These  changes  may 
facilitate,  invasion  and  increased  survival  of  tumor  cells 
as  they  leave  their  primary  locations  and  become 
malignant.  Thus,  suppression  of  TM1  may  promote 
cytoskeletal  disorganization  and  confer  a  growth 
advantage  to  the  neoplastic  cells. 

The  high-Mr  TMs,  including  TM1,  are  abundantly 
expressed  in  the  smooth  muscle  cells  of  the  vasculature 
(Figures  2b  and  3b)  (Pittenger  et  al.,  1994).  Further¬ 
more,  TM1  is  expressed  in  fibroblasts,  smooth  muscle 
and  epithelial  cells  (Prasad  et  al.,  1991;  Pittenger  et  al., 


1994),  which  complicates  accurate  quantification  of 
TM1  in  tissues  by  biochemical  methods.  Accordingly, 
other  researchers  have  reported  a  modest  decrease  in 
high-Mr  TMs  in  primary  breast  tumors,  and  an  increase 
in  TM1  expression  in  the  metastatic  tumors  (Franzen 
et  al.,  1996,  1997).  Similarly,  a  preliminary  report 
indicates  variable  expression  of  TMs  in  prostate  tumors 
(Ahram  et  al.,  2002).  Therefore,  we  employed  in  situ 
hybridization  and  isoform-specific  antibodies  in  immu- 
nohistochemistry,  and  have  demonstrated  that  TM1 
expression  is  downregulated  in  breast  tumors. 

TM1  expression,  however,  appears  to  be  more 
variable  in  other  common  malignancies  such  as  colon 
and  lung  cancer  cell  lines  (data  not  shown).  It  is  relevant 
to  note  that  enhanced  expression  of  either  TM1,  or 
other  TMs  in  ras-transformed  RIE  cells  has  no  effect  on 
either  cell  growth  or  cytoskeletal  organization  (Shields 
et  al.,  2002).  Therefore,  it  appears  that  TM1  effects  may 
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Figure  6  TM1  induces  anoikis  in  breast  cancer  cells:  parental  MCF-7  and  MDA  MB  231  cells,  and  those  expressing  TM1  and  TM2 
were  cultured  on  polyHEMA-coated  dishes  for  72  h  (MCF-7-derived  cells)  or  24  h  (MDA  MB  231  derived  cells),  (a)  Nuclear 
morphology  of  D  API-stained  cells  is  shown.  Apoptotic  cells  are  marked  with  arrows  in  MCF-7/TM1  cell  panel.  Cells  were 
photographed  using  a  fluorescent  microscope  with  a  UV  filter  cube  at  x  100  magnification,  (b  and  c)  TM1  expression  induces  rapid 
anoikis:  accumulation  of  DNA  in  sub  G0-Gi  fraction,  which  indicates  apoptosis,  was  measured  by  propidium  iodide  staining.  MDA 
MB  23 1  and  MDAMB231/TM1  expressing  cells  were  cultured  in  suspension  for  6-24  h  and  harvested .  Cell  cycle  distribution  at  6  h  is 
shown  in  (b).  The  percent  DNA  content  in  subG0-G[  fraction  is  shown  (c).  Shaded  boxes  are  MDA  MB  231  cells  and  the  open  boxes 
are  MDA  MB  231/TM1  cells.  DNA  content  in  subGo-Gi  fraction  of  cells  cultured  under  normal  adhesion  conditions  (marked  ‘adh’) 
has  been  quantitated.  These  samples  do  not  contain  any  significant  amount  of  apoptotic  DNA 


be  tissue  specific,  or  the  transformed  RIE  cells  may  have 
other  defects  downstream  of  TM1,  rendering  TM1 
ineffective. 

Downregulation  of  TM1  appears  to  be  one  of  the 
most  common  and  yet  remarkable  changes  in  breast 


cancer.  In  addition  to  TM1,  other  class  II  tumor 
suppressors  such  as  NES1  (Dhar  et  al.,  2001)  and 
HME1  (14-3-3ct)  (Ferguson  et  al.,  2000;  Umbricht  et  al., 
2001)  are  also  profoundly  downregulated  in  a  majority 
of  breast  cancers.  Another  actin-binding  protein, 
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gelsolin,  which  severs  F-actin  and  involved  in  dynamic 
remodeling  of  actin  filaments,  is  also  widely  suppressed 
in  breast  tumors  (Asch  et  al.,  1996;  Mielnicki  et  al., 

1999) . 

Gross  rearrangements  in  TM1  gene  in  breast  tumors 
have  not  been  detected  (data  not  shown).  Recent 
experiments  with  cultured  breast  cancer  cell  lines  reveal 
that  TM1  is  silenced  by  epigenetic  mechanisms  involving 
gene  methylation  and  histone  deacetylation,  which 
suggest  that  epigenetic  mechanisms  may  regulate  TM1 
expression  in  tumors  (Bharadwaj  and  Prasad,  2002). 
Thus,  along  with  retinoic  acid  receptor  (Sirchia  et  al., 

2000) ,  estrogen  receptor  and  E-cadherin  (Nass  et  al., 
2000),  14-3-3ct  (Ferguson  et  al.,  2000)  and  NES1  (Li 
et  al.,  2001),  TM1  gene  is  also  turned  off  epigenetically 
during  malignant  transformation.  It  is  interesting  to 
note  that  while  mutations  in  aTMs  cause  familial 
hypertrophic  cardiomyopathy  (Michele  and  Metzger, 
2000)  and  nemaline  myopathy  (Donner  et  al.,  2002),  the 
epigenetic  mechanisms  (Yang  et  al.,  2001)  contribute  to 
the  loss  of  p  TM  gene  function  in  neoplastic  cells. 
However,  fusions  between  low-Mr  TMs  and  protein 
kinases  such  as  trk  receptor  (Mitra  et  al.,  1987;  Coulier 
et  al.,  1989)  and  anaplastic  lymphoma  kinase  (ALK) 
(Meech  et  al.,  2001)  have  been  reported  to  be  associated 
with  malignant  transformation.  A  transformation-spe¬ 
cific  low-Mr  TM  isoform  is  reported  to  be  expressed  in 
colon  tumors,  but  not  in  normal  colonic  epithelia  (Lin 
et  al.,  2002). 

While  changes  in  the  expression  and  activities  of 
several  key  focal  adhesion  proteins,  such  as  FAK  (Xu 
et  al.,  2000),  ILK  (Persad  et  al.,  2000)  and  Src  (Coll  et  al., 
2002;  Windham  et  al.,  2002),  are  implicated  in  anoikis, 
resensitization  of  breast  cancer  cells  to  anoikis  by  TM1, 
a  microfilament-associated  protein,  is  novel.  Thus, 
TM1,  like  other  tumor  suppressors  such  as  PTEN 
(Lu  et  al.,  1999),  DOC/hab  (Wang  et  al.,  2001) 
induces  anoikis.  Further  investigations  are  underway 
to  elucidate  the  molecular  mechanisms  of  TM1 -induced 
anoikis. 


Materials  and  methods 
Cell  lines  and  reagents 

Culture  conditions  for  untransformed  MCF10A,  and  the 
transformed  MCF-7  and  MDA  MB  231  cells  were  previously 
described  (Prasad  et  al.,  1992).  A  full-length  TM1  cDNA  clone 
(Prasad  et  al.,  1991)  was  subcloned  into  pGEM3  vector 
(Promega)  to  generate  ‘antisense’  and  ‘sense  probes’.  The 
RNA  probes  were  labeled  with  [35S]UTP  by  standard 
techniques  for  in  situ  hybridization.  TM1  cDNA  was  cloned 
into  pAdTrack  CMV  plasmid  and  recombined  with  the  viral 
backbone  pAdEasy-1  vector,  and  transfected  into  HEK293 
cells  (He  et  al.,  1998).  TM2  (Braverman  et  al.,  1996)  was 
subcloned  into  pIRESZ-EGFP  plasmid  (Clontech),  and  MCF- 
7  cells  were  transfected  with  the  recombinant  plasmid  to 
coexpress  GFP  via  an  IRES  sequence  located  downstream  of 
the  cloned  TM2  cDNA. 

A  polyclonal  pan-TM  antibody  that  recognizes  multiple  TM 
proteins  including  TM1  has  been  previously  described 
(Bhattacharya  et  al,  1990;  Prasad  et  al.,  1993;  Mahadev 


et  al.,  2002).  This  antibody  recognizes  high-Mr  TMs  more 
avidly,  although  it  reacts  with  low-Mr  proteins,  as  well.  To 
detect  TM1  specifically,  we  have  generated  several  antipeptide 
antibodies  and  have  determined  them  to  be  specific  for  TM1 
(Bharadwaj  and  Prasad,  2002;  Mahadev  et  al.,  2002).  We  have 
used  one  of  the  antibodies  in  immunofluorescence  analyses  to 
determine  TM1  expression. 

Tissue  specimens 

Aliquots  of  normal  breast  and  tumor  samples  were  obtained 
from  patients  undergoing  surgery  for  their  disease,  through  the 
Tumor  Bank  of  Wake  Forest  University  School  of  Medicine, 
Winston-Salem,  NC,  under  the  approval  of  the  Institutional 
Review  Board.  Tissue  samples  (via  mastectomy  or  lumpect¬ 
omy)  were  collected  within  60  min  of  surgery,  fixed  for  48  h  in 
10%  phosphate-buffered  formalin  (pH  7.4)  at  room  tempera¬ 
ture,  washed  in  70%  ethanol,  embedded  in  paraffin,  and  cut 
into  5  pm  sections  for  in  situ  hybridization,  H&E  staining  and 
immunostaining.  We  have  analysed  a  total  of  25  breast  tumors 
and  their  characteristics  are  given  in  Table  2. 

Tissue  culture  cells  with  known  TM  protein  profiles  were 
trypsinized  and  fixed  in  4%  paraformaldehyde  and  washed  in 
98%  ethanol  followed  by  a  brief  wash  with  a  mixture  of  98% 
ethanol  and  ether  (1 : 1  v/v).  The  cell  pellet  was  dried  and 
embedded  in  paraffin.  Sections  (5  pm)  were  cut  and  used  in  in 
situ  hybridization  and  immunofluorescence  experiments.  These 
sections  were  used  to  test  and  validate  the  screening  methods. 

In  situ  hybridization 

To  detect  TM1  mRNA,  in  situ  hybridization  was  performed 
using  a  method  described  by  Wilcox  et  al.  with  some 
modifications  (http://www.emory.edu/WILCOX).  The  forma¬ 
lin-fixed,  paraffin-embedded  tissue  sections  were  deparafinized 
and  hydrated,  and  processed  for  in  situ  hybridization  as 
previously  described  (Mondy  et  al,  1997).  For  quantitation  of 
TM  1  mRNA  signal,  nonoverlaping  images  were  imported  into 
an  image  analysis  program  essentially  as  described  (Mondy 
et  al.,  1997).  Corresponding  areas  from  parallel  sections 
probed  for  nonspecific  hybridization  were  subtracted.  Results 
from  each  sample  were  averaged,  and  comparisons  were  made 
between  the  tumor  and  normal  area. 

Immunocytochemical  analysis  of  TM  expression  in  breast 
tumors 

Deparaffinized  tissue  specimens  were  employed  for  immuno¬ 
fluorescence  using  TM1  -specific  antibody  or  pan-TM-antibody 
as  the  primary  antibody.  Serial  5-/rm-thick  tissue  sections  were 
subjected  to  immunofluorescence  staining  for  detection  of 
TM1,  or  multiple  TMs  as  described  previously  (Shah  et  al., 
2001;  Mahadev  et  al.,  2002).  For  control  purposes,  samples 
were  processed  in  parallel  except  with  the  omission  of  the 
primary  antibody.  Anti-rabbit  immunoglobulin  antibody 
conjugated  with  Texas  Red  was  used  as  the  secondary 


Table  2  Breast  tissues  used  to  analyse  TM  expression 

Total  tissues  analysed — 25 

Age  range  35-87years,  median  age  54  years 

Race:  24  w/f;  2  b/f 

Ductal  carcinoma  -  21 

Lobular  carcinoma  -  2 

Phyllodes  tumor  -  1 

Not  determined  from  the  initial  pathology  reports  (unknown)  -  1 
Adjacent  normal  tissue  -  24 
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antibody  (Molecular  Probes)  followed  by  counterstaining  with 
lOng/ml  DAPI  (in  methanol  w/v)  to  visualize  the  nuclei  and  to 
identify  the  tissue  architecture.  Microscopic  analysis  was 
performed  using  a  x  25  Neofluar  oil  objective.  Microscopic 
fields  were  captured  with  a  Zeiss  Axiocam  camera,  keeping  the 
gain  and  exposure  constant.  Autofluorescence  of  tissue 
sections  was  observed  using  green  fluorescence  (FITC) 
channel,  which  did  not  interfere  with  the  specific  signal.  TM1 
expression  was  determined  by  quantifying  the  luminosity  of 
the  images  using  Adobe  Photoshop  (version  6.0)  with  the 
magic  wand  tool  and  the  histogram  function. 

Cell  cycle  and  anoikis  experiments 

Cell  cycle  analyses  using  propidium  iodide  and  BrdU  were 
carried  out  as  described  (Darzynkiewicz  et  al.,  2001).  Briefly, 
cells  were  labeled  for  lh  with  BrdU  (Sigma)  at  20  g\t 
concentration,  harvested  and  fixed.  Cells  were  reacted  with 
anti-BrdU  antibody  (Becton-Dickinson)  followed  by  incuba¬ 
tion  with  FITC-conjugated  second  antibody  (Sigma).  Finally, 
the  samples  were  stained  with  20  pg/ml  propidium  iodide  and 
subjected  to  flow  cytometric  analysis.  S-phase  fraction  was 
calculated  as  a  percentage  of  Brdu  containing  cells  in  the  total 
cells  (combined  fractions  of  propidium  iodide  and  BrdU 
containing  cells). 

Anoikis  experiments  were  carried  out  on  polyHEMA 
(Sigma)  coated  dishes  (final  concentration  10/ig/ml,  w/v  in 
ethanol,  two  applications)  as  described  by  Zhu  et  al.  (2001). 
Cells  were  cultured  in  serum-free,  1%  BSA  containing 
medium.  Cells  were  harvested  and  collected  by  Cyospin,  and 
stained  with  lOng/ml  DAPI  to  visualize  nuclei.  The  cells  were 
photographed  using  a  Zeiss  Axioplan  2  microscope  (Carl 
Zeiss,  Germany)  with  a  x  100  objective,  and  a  Zeiss  Axiocam 
camera.  Images  were  imported  into  Adobe  Photoshop.  To 
calculate  the  percent  cells  undergoing  anoikis,  several  image 
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Down-regulation  of  several  key  actin-binding  pro¬ 
teins,  such  as  u-actinin,  vinculin,  gelsolin,  and  tropo¬ 
myosins  (TMs),  is  considered  to  contribute  to  the  disor¬ 
ganized  cytoskeleton  present  in  many  neoplastic  cells. 
TMs  stabilize  actin  filaments  against  the  gel  severing 
actions  of  proteins  such  as  cofilin.  Among  multiple  TMs 
expressed  in  non-muscle  cells,  tropomyosin-1  (TM1)  iso¬ 
form  induces  stress  fibers  and  functions  as  a  suppressor 
of  malignant  transformation.  However,  the  molecular 
mechanisms  of  TMl-mediated  cytoskeletal  effects  and 
tumor  suppression  remain  poorly  understood.  We  have 
hypothesized  that  the  ability  of  TM1  to  stabilize  micro¬ 
filaments  is  crucial  for  tumor  suppression.  In  this  study, 
by  employing  a  variant  TM1,  which  contains  an  N-ter- 
minal  hemagglutinin  epitope  tag,  we  demonstrate  that 
the  N  terminus  is  a  key  determinant  of  tropomyosin-1 
function.  Unlike  the  wild  type  TM1,  the  modified  protein 
fails  to  restore  stress  fibers  and  inhibit  anchorage-inde¬ 
pendent  growth  in  transformed  cells.  Furthermore,  the 
N-terminal  modification  of  TM1  disorganizes  the  cy¬ 
toskeleton  and  delays  cytokinesis  in  normal  cells,  abol¬ 
ishes  binding  to  F-actin,  and  disrupts  the  dimeric  asso¬ 
ciations  in  vivo.  The  functionally  defective  TM1  allows 
the  association  of  cofilin  to  stress  fibers  and  disorga¬ 
nizes  the  microfilaments,  whereas  wild  type  TM1  ap¬ 
pears  to  restrict  the  binding  of  cofilin  to  stress  fibers. 
TMl-induced  cytoskeletal  reorganization  appears  to  be 
mediated  through  preventing  cofilin  interaction  with 
microfilaments.  Our  studies  provide  in  vivo  functional 
evidence  that  the  N  terminus  is  a  critical  determinant  of 
TM1  functions,  which  in  turn  determines  the  organiza¬ 
tion  of  stress  fibers. 


One  of  the  most  common  and  yet  prominent  features  of 
neoplastic  cells  is  the  presence  of  disorganized  actin  microfila¬ 
ments  (1, 2).  A  functionally  defective  cytoskeleton,  arising  from 
the  disorganized  microfilament  architecture,  has  been  shown 
to  be  responsible  for  the  loss  of  normal  cellular  morphology  and 
cell  polarity;  altered  intracellular  transport,  cell  motility,  and 
cell  adhesion;  and  defective  cytokinesis.  Suppression  of  several 
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key  actin-binding  proteins,  including  tropomyosins  (TMs),1  oc¬ 
curs  in  many  neoplastic  cells,  and  this  contributes  to  the  as¬ 
sembly  of  disorganized  cytoskeleton  (reviewed  in  Refs.  3  and  4). 
Down-regulation  of  TMs  in  malignantly  transformed  cells  has 
been  known  for  about  2  decades  and  is  widely  reported  (5-7), 
and  yet  the  role  of  TMs  in  neoplastic  transformation  of  cells 
remains  incompletely  understood. 

TMs  are  a  family  of  actin-binding  proteins  that  stabilize 
microfilaments  from  the  gel  severing  actions  of  proteins  such  as 
gelsolin  and  cofilin  (1,  8).  Multiple  TMs  are  generated  by  alter¬ 
native  splicing  with  a  high  degree  of  tissue  specificity.  For 
example,  fibroblasts  express  five  different,  closely  related  TMs 
that  may  be  categorized  into  high  and  low  Mt  species  contain¬ 
ing  284  and  248  amino  acids,  respectively.  TMs  are  key  regu¬ 
latory  proteins  of  actin  cytoskeleton  in  that  they  regulate  al¬ 
most  all  aspects  of  actin  polymerization  (9-13).  Although  the 
function  of  TMs  is  better  elucidated  in  skeletal  and  cardiac 
muscles,  given  their  diverse  and  tissue-specific  expression  pat¬ 
terns,  the  importance  of  the  existence  of  multiple  TMs  in  non¬ 
muscle  cell  physiology  is  poorly  understood  (8).  It  has  been 
suggested  that  TM  isoforms  perform  distinct  functions  rather 
than  being  simply  redundant  (1,  8).  Work  from  this  and  several 
other  laboratories  shows  that  the  high  Mr  TMs  are  consistently 
down-regulated  in  many  malignantly  transformed  cells  (5-7, 
14-16).  This  suggests  a  role  for  TMs  in  the  maintenance  of 
normal  growth  and  cytoskeletal  organization,  and  that  expres¬ 
sion  of  TM1  may  be  incompatible  with  neoplastic  growth. 

In  support  of  this  hypothesis,  we  have  recently  shown  that 
TM  isoform- 1  (TM1)  expression  is  widely  and  profoundly  down- 
regulated  in  primary  breast  tumors  (17).  Furthermore,  TM1 
restores  the  microfilament  organization  in  transformed  cells, 
and  suppresses  malignant  growth  (16, 18-20).  Tumor  suppres¬ 
sion  by  TM1  is  isoform-specific;  for  example,  unlike  TM1, 
closely  related  TMs  such  as  TM2  failed  to  suppress  trans¬ 
formed  growth  of  highly  malignant  v-&i-ras-transformed 
NIH3T3  (DT)  cells  or  MCF-7  human  breast  carcinoma  cells  (17, 
19).  Although  these  studies  suggested  TM1  is  a  class  II  tumor 
suppressor  (17,  20,  21),  the  molecular  basis  of  cytoskeletal  organi¬ 
zation  and  tumor  suppression  by  TM1  remains  unknown. 

TM1  lacks  distinct  catalytic  activity  or  binding  partners  that 
readily  explain  the  isoform-specific  anti-oncogenic  effects. 
Structurally,  all  TMs  are  predominantly  a-helical  proteins  in 
which  hydrophilic  and  hydrophobic  amino  acids  occupy  defined 
positions  in  a  repeating  heptapeptide  (22).  TM1,  like  other 
TMs,  is  a  cytosolic  structural  protein  that  binds  to  actin  stoi- 


1  The  abbreviations  used  are:  TMs,  tropomyosins;  DT,  doubly  trans¬ 
formed;  HA,  hemagglutinin;  PBS,  phosphate-buffered  saline;  TRITC, 
tetramethylrhodamine  isothiocyanate;  PMSF,  phenylmethylsulfonyl 
fluoride;  DTNB,  5,5'-dithiobis-2-nitrobenzoic  acid. 


This  paper  is  available  on  line  at  http://www.jbc.org 


14039 


14040 


Regulation  of  Cytoskeleton  by  Tropomyosin-1 


chiometrically  in  micromolar  range.  For  example,  both  TMl 
and  TM2  bind  to  actin  at  1:7  ratio,  although  some  differences  in 
binding  properties  exist  (23).  Nevertheless,  it  is  intriguing  that 
the  biological  effects  of  TMl  expression  in  tumor  cells  are 
remarkably  different  from  those  of  other  TM  isoforms.  We  have 
considered  that  reorganization  of  microfilaments  is  a  critical 
component  of  tumor  suppression  by  TMl.  The  studies  pre¬ 
sented  here  demonstrate  that  the  N  terminus  of  TMl  is  essen¬ 
tial  for  TMl  functions  and  imply  that  TMl  is  a  key  modulator 
of  stress  fibers. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Antibodies — Culture  conditions  and  media  for 
NIH3T3,  NIH3T3/TM1,  and  DT/TM1  cells  have  been  described  previ¬ 
ously  2(4).  Doubly  transformed  (DT)  cells  are  NIH3T3  cells  transformed 
with  two  copies  of  the  v-ki-ras  oncogene  (7).  An  epitope-tagged  TMl  was 
constructed  by  cloning  TMl  in-frame  in  pCGN  vector  to  add  hemagglu¬ 
tinin  (HA)  epitope  at  the  N  terminus.  The  variant  TMl  thus  produced 
would  have  an  N-terminal  extension,  ASSYPYDVPDYASLGGPSR,  but 
contains  identical  wild  type  TMl  sequence  from  the  “R”  onward.  DT 
cells  were  cotransfected  with  the  recombinant  plasmid  and  pCMVneo  to 
generate  single  cell-derived  clones  by  standard  transfection  methods. 
iV-[l-(2,3-Dioleoyloxy)propyl]-N'//'^V-trimethylammonium  methyl  sul¬ 
fate  salts  (Roche  Applied  Science)  or  LipofectAMINE  (Invitrogen)  were 
used  for  transfections.  In  experiments  involving  transient  transfec¬ 
tions,  cells  were  routinely  processed  48  h  after  transfection,  unless 
otherwise  indicated. 

A  TM  polyclonal  antibody,  generated  in  this  laboratory,  that  detects 
multiple  TMs  was  described  previously  (16).  TM311  mouse  monoclonal 
antibody  that  recognizes  a  common  epitope  found  in  all  high  Mr  TMs 
(25)  was  obtained  from  Sigma.  HA  (12CA5)  mouse  monoclonal  antibody 
(Roche  Applied  Science)  and  antibodies  against  a-tubulin  (Sigma), 
phosphocofilin  (Upstate  Biotechnology,  Inc.),  actin,  and  cofilin  (Cy¬ 
toskeleton,  Inc.,  Denver,  CO)  were  purchased. 

Monolayer  Growth  and  Morphology-Ten  thousand  cells  were  plated 
and  counted,  and  cell  numbers  were  plotted  against  time  of  culture. 
Morphology  of  subconfluent  monolayer  cultures  was  recorded  by  fixing 
and  staining  with  a  HEMA  3  kit  obtained  from  Fisher.  The  samples 
were  photographed  at  X40  magnification. 

Soft  Agar  Assays — Anchorage-independent  experiments  were  per¬ 
formed  in  soft  agar  as  described  previously.  One  thousand  cells  were 
mixed  in  0.36%  agar,  plated  on  a  0.8%  agar  base,  and  cultured  for  10-14 
days  (18).  Cells  were  stained  overnight  with  0.05%  nitro  blue  tetrazo- 
lium  in  PBS,  and  colonies  were  counted. 

Immunofluorescence — Cells  were  cultured  in  chamber  slides  (Nunc), 
fixed  with  3.7%  paraformaldehyde,  and  extracted  with  0.5%  Triton 
X-100  for  5  min  (26).  The  samples  were  incubated  with  an  appropriate 
primary  antibody,  followed  by  a  second  antibody  conjugated  to  a  fluo- 
rochrome,  and  finally  with  Texas  Red-conjugated  phalloidin.  Slides 
were  finally  rinsed  in  water  and  mounted  using  Antifade  kit  (Molecular 
Probes).  Images  were  recorded  using  a  Zeiss  LSM  510  confocal  micro¬ 
scope  and  imported  into  Adobe  Photoshop. 

Immunoblotting  and  lmmunoprecipitations — Cells  were  lysed  in  a 
buffer  containing  Nonidet  P-40,  sodium  deoxycholate,  and  protease 
inhibitors  and  clarified  at  14,000  x  g  (26).  Supernatants  containing 
50-100  pg  of  proteins  were  separated  on  13%  SDS-polyacrylamide  gels 
and  immunoblotted.  For  immunoprecipitations,  200  pg  of  protein  ly¬ 
sate,  precleared  with  protein  G  for  1  h,  was  incubated  with  the  primary 
antibody  (27).  The  immune  complexes  were  washed  with  immunopre- 
cipitation  buffer  and  subjected  to  SDS-PAGE.  To  quantify  the  protein 
expression,  the  exposed  membranes  were  scanned,  and  the  band  inten¬ 
sities  were  calculated  using  the  magic  wand  tool  of  the  Adobe  Photoshop 
(version  6.0). 

Metabolic  Labeling  of  Cells— Subconfluent  cultures  were  pre-incu- 
bated  with  labeling  medium  (Dulbecco’s  modified  Eagle’s  medium  con¬ 
taining  10%  dialyzed  fetal  bovine  serum)  for  3  h.  Metabolic  labeling  was 
carried  out  in  the  labeling  medium  containing  [36S] methionine  (50 
/xCi/ml)  for  6  h  (24).  Cells  were  washed  with  PBS  and  extracted  in 
Nonidet  P-40/deoxycholate  lysis  buffer.  For  immunoprecipitations  and 
cross-linking  experiments,  lysates  equivalent  to  4  x  10s  cpm  were  used. 

F-actin  Quantitation  in  Cells — F-actin  content  in  cells  was  measured 
using  a  protocol  described  by  Zigmond  and  co-workers  (28)  with  minor 
modifications.  Cells  (1.5  X  10s)  were  plated  12-24  h  prior  to  experimen¬ 
tation.  Monolayer  cultures  were  washed  with  PBS,  fixed,  and  stained  in 
PBS  containing  3.7%  paraformaldehyde,  0.5%  Triton  X-100,  and  0.2  pu 
TRITC  phalloidin  for  3  h  at  room  temperature  with  constant  rocking  in 


the  dark.  Unincorporated  TRITC  phalloidin  was  removed  by  four  PBS 
washes.  Cell  monolayer  was  extracted  by  using  1  ml  of  methanol,  and 
the  cell  suspension  was  transferred  to  microcentrifuge  tubes  and  incu¬ 
bated  for  48  h  with  constant  rocking  at  4  °C.  Cell  debris  was  removed  by 
centrifugation  and  fluorescence  (540B>/575em)  was  read  in  an  Aminco 
Bowman  luminescence  fluorimeter  using  the  methanol  solvent  as 
blank.  To  determine  background  fluorescence,  2  pM  of  unlabeled  phal¬ 
loidin  was  added  along  with  TRITC-phalloidin.  To  determine  total  actin 
content,  cell  lysates  were  probed  with  anti-actin  antibody  in  immuno- 
blots  and  expressed  as  a  ratio  with  endogenous  tubulin. 

Cell  Cycle  Analysis — To  estimate  the  fraction  of  cells  in  each  phase  of 
cell  cycle,  asynchronously  growing  subconfluent  cultures  were 
trypsinized  and  stained  with  50  /xg/ml  propidium  iodide  in  PBS  con¬ 
taining  0.06%  Nonidet  P-40  and  30  p-g/ml  RNase  A.  Cell  cycle  analyses 
were  carried  out  using  a  BD  FACS  Star  Plus  flow  cytometer.  Flow 
cytometry  of  serum-starved  (24  h)  or  stimulated  cells  was  performed. 
For  serum  stimulation,  serum-starved  cells  were  cultured  in  regular 
medium  for  28  h. 

HA-TM1  Purification — HA-TM1  was  subcloned  in  pET3a  (Novagen) 
and  expressed  in  BL21  (DE3)  pLysS  bacteria.  Cultures  were  grown  to 
A60o  0.4-0.6  and  induced  with  0.4  mM  isopropyl-l-thio-/3-D-galactopy- 
ranoside  for  3  h.  Cells  were  harvested  and  resuspended  for  sonication  in 
lysis  buffer  containing  20  mM  Tris  (pH  7.5),  100  mM  NaCl,  2  mM  EDTA, 
IX  protease  inhibitor  mixture  (Roche  Applied  Science),  1  mg/liter 
DNase,  1  mg/liter  RNase  A,  1  mM  4-(2-aminoethyl)benzenesulfonyl 
fluoride,  5  mM  EDTA,  5  mM  EGTA,  5  mM  PMSF,  5  mM  benzamidine,  and 
1  mg  of  potato  carboxypeptidase  inhibitor  (Calbiochem)  and  immedi¬ 
ately  subjected  to  ammonium  sulfate  precipitation  to  achieve  —50% 
saturation.  The  protein  pellet  was  resuspended  and  extensively  dia¬ 
lyzed  against  a  buffer  containing  20  mM  Tris  (pH  7.5),  1  mM  PMSF,  and 
1  mM  benzamidine.  The  salt  concentration  of  the  dialysate  was  adjusted 
to  50  mM  and  subjected  to  DEAE-cellulose  chromatography.  HA-TM1 
was  eluted  with  0.3  M  NaCl  containing  buffer  (20  mM  Tris  (pH  7.5),  5  mM 
EDTA  and  2.5  mM  PMSF),  reprecipitated  with  ammonium  sulfate 
(100%  saturation  to  concentrate  the  eluate),  and  dialyzed.  The  protein 
sample  was  further  purified  by  affinity  chromatography  on  HA  epitope 
affinity  column  (Roche  Applied  Science)  as  per  the  manufacturer’s 
instructions.  HA-TM1  was  eluted  with  1  mg/ml  HA  epitope  peptide 
(Roche  Applied  Science)  and  dialyzed  against  the  binding  assay  buffer 
(10  mM  Tris  (pH  7.5),  150  mM  NaCl,  2  mM  MgCl2,  0.2  mM  EGTA). 

In  Vitro  Actin  Binding  Studies — Actin  binding  assays  were  per¬ 
formed  as  described  previously  (29)  with  modifications  (30).  HA-TM1 
and  wild  type  TM2  were  cosedimented  at  20  °C  with  chicken  pectoral 
muscle  F-actin  (5  pM)  in  a  buffer  containing  150  mM  NaCl,  10  mM 
Tris-HCl  (pH  7.5),  2  mM  MgCl2,  and  0.5  mM  dithiothreitol.  The  amounts 
of  bound  and  free  tropomyosin  in  the  supernatants  and  pellets  were 
quantitated  by  densitometry  of  SDS-polyacrylamide  gels  stained  in 
Coomassie  Blue  using  a  Molecular  Dynamics  model  300A  computing 
densitometer  (Amersham  Biosciences).  To  separate  HA-TM1  from  ac¬ 
tin,  the  gels  also  contained  6  m  urea.  The  free  tropomyosin  in  the 
supernatants  was  calculated  from  standard  curves  for  wild  type  tro¬ 
pomyosin.  The  curve  for  TM2  was  fit  using  the  Hill  equation  using 
SigmaPlot  (SPSS  Science,  Chicago)  that  reported  a  K„ pp. 

Cross-linking  Studies — Homodimers  of  TMl  were  stabilized  by  cross- 
linking  with  5,5’-dithiobis-2-nitrobenzoic  acid  (24,  31)  (DTNB)  (Sigma), 
a  sulfhydryl  cross-linker,  as  described  previously  (24).  Cell  lysates  were 
incubated  with  DTNB  and  were  either  subjected  to  immunoblotting  (for 
unlabeled  samples)  or  immunoprecipitation  followed  by  SDS-PAGE  and 
fluorography  (for  36S-labeled  samples).  Dimers  are  detectable  when 
2-mercaptoethanol  is  omitted  in  the  gel  sample  buffer. 

Statistical  Analyses — Data  are  presented  as  mean  ±  S.D.  from  at 
least  three  independent  determinations,  p  values  were  calculated  by 
Student’s  two-tailed  t  test  (32)  using  the  software  provided  in  Microsoft 
Excel  (2002  edition). 

RESULTS 

In  vitro  studies  have  indicated  that  the  N-  and  C-terminal 
ends  of  TMs  are  critical  for  binding  to  actin.  Several  studies 
have  shown  that  some  TMs,  including  TMl,  require  the  acety- 
lated  N  terminus  for  optimal  binding  to  actin.  N-terminal  ex¬ 
tensions,  depending  on  the  length  and  sequence,  can  alter  TM 
functions  (33-35).  To  elucidate  the  mechanism  of  TMl-medi- 
ated  tumor  suppression,  we  have  modified  the  N-terminal  end 
of  TMl  molecule  by  introducing  a  hemagglutinin  (HA)  epitope. 
This  epitope  tag  contains  three  prolines  and  would  not  be 
predicted  to  be  cz-helical.  This  tagged  protein,  referred  to  as 
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Fig.  1.  Effect  of  expression  of  HA- 
TM1  on  DT  cell  morphology  and  mi¬ 
crofilament  organization.  A,  TM  pro¬ 
files  in  the  cell  lines  used  in  this  study. 
Cell  lysates  were  immunoblotted  with  ei¬ 
ther  TM  antibody  or  with  HA  antibody.  B, 
morphology  of  cells  grown  in  monolayer, 
as  observed  by  light  microscopy  (X40 
magnification).  C,  immunofluorescence 
microscopy.  DT  cells  expressing  either 
HA-TM1  or  TM1  were  stained  with  a  TM 
polyclonal  antibody  that  recognizes  all  TM 
isoforms  and  Texas  Red-conjugated  phal- 
loidin  to  visualize  F-actin.  Bar,  10  pm. 


OT/HA-TM1 


DT/TM1 


HA-TM1,  contains  a  19-residue  N-terminal  extension,  which 
otherwise  is  identical  to  the  wild  type  protein,  and  retains  all 
the  actin  binding  domains  of  TM1.  We  tested  the  ability  of 
HA-TM1  to  regulate  cytoskeletal  organization  and  growth 
phenotype. 

N-terminal  Modification  Abolishes  TMl-mediated  Cytoskel¬ 
etal  Reorganization  and  Tumor  Suppression — We  have  used 
DT  (NIH3T3  cells  transformed  by  v-Ki-ras )  cells  as  a  model  and 
transfected  them  with  HA-TM1.  Stable  single  cell  clones,  des¬ 
ignated  as  DT/HA-TM1,  were  isolated.  DT  cells  express  TM1  at 
50%  levels  compared  with  normal  NIH3T3  fibroblasts,  and 
TM2  and  TM3  at  essentially  undetectable  levels  (18).  Expres¬ 
sion  of  HA-TM1  was  detected  by  Northern  blot  (not  shown)  and 
immunoblot  methods  (Fig.  1A).  The  variant  protein,  because  of 
the  N-terminal  extension,  migrates  slower  than  wild  type  TM1 
on  SDS-PAGE.  The  expression  of  endogenous  TM1  in  parental 
DT  and  DT/HA-TM1  cells  is  determined  by  the  ratio  of  TM1: 
a-tubulin.  In  DT  cells,  the  relative  expression  of  TM1  was  0.7  ± 
0.12,  and  in  DT/HA-TM1  cells,  the  endogenous  TM1  was  ex¬ 
pressed  at  0.75  ±  0.08,  indicating  that  the  transfected  HA- 
TM1  did  not  alter  the  levels  of  the  endogenous  wild  type  protein 
(p  <  1). 

Morphologically  DT  cells  are  spindle-shaped,  lack  stress  fi¬ 
bers,  and  are  not  contact-inhibited.  Because  TM1  induces  re¬ 
organization  of  the  cytoskeleton  to  restore  stress  fibers  with 
attendant  cell  spreading,  we  examined  whether  HA-TM1  alters 
the  cell  morphology.  Morphologically,  DT/HA-TM1  cells  resem¬ 
bled  parental  DT  and  empty  vector  transfected  cells.  DT/HA- 
TM1  cells  displayed  spindle-shaped  morphology,  were  not  sub¬ 
ject  to  contact  inhibition  and  formed  multiple  foci  (Fig.  IB). 
Confocal  microscopy  revealed  that  HA-TM1  expression,  unlike 
that  of  the  wild  type  TM1  protein  (18),  did  not  induce  the 
formation  of  stress  fibers  (Fig.  1C). 

Because  TM1  induces  cytoskeletal  reorganization  with  the 
assembly  of  stress  fibers,  it  is  likely  that  enhanced  TM1  levels 
may  increase  the  levels  of  F-actin.  Therefore,  we  examined 
whether  TM1  up-regulates  F-actin  levels  and  whether  the  in- 


Table  I 

TM1  enhances  the  cellular  F-actin  content 
F-actin  content  was  determined  by  measuring  the  fluorescence  of 
TRITC-labeled  phalloidin,  as  described  under  "Experimental  Proce¬ 
dures.”  Means  ±  S.D.  are  derived  from  three  independent  experiments. 
Relative  fluorescence  was  normalized  to  1.5  X  106  cells.  Total  actin  and 
tubulin  content  were  measured  in  50  /xg  of  protein  from  the  indicated 
cell  lines  by  immunoblotting.  The  ratio  of  actin  to  tubulin  is  taken  as  a 
measure  of  total  actin  content.  The  p  values  reported  in  the  text  are 
calculated  by  two-tailed  paired  t  test. 


Cell  type 

F-actin  content 

Total  actin  content 

fluorescence  units 

actin/tubulin 

NIH3T3 

3.63  ±  0.81 

1.36  ±  0.11 

DT 

1.01  ±  0.24 

1.15  ±  0.2 

DT/TM1 

1.97  ±  0.32 

1.18  ±  0.11 

DT/HA-TM1 

0.72  ±  0.01 

1.13  ±  0.12 

ability  of  the  variant  protein  to  reorganize  cytoskeleton  is  re¬ 
flected  in  lower  F-actin  content.  Overnight  cultures  of  NIH3T3 
cells,  DT  cells,  DT/TM1,  and  DT/HA-TM1  cells  were  fixed,  and 
the  F-actin  content  was  determined  using  TRITC-conjugated 
phalloidin.  The  fluorescent  intensities  were  normalized  to 
1.5  X  105  cells  (Table  I).  Consistent  with  the  degree  of  micro¬ 
filament  organization,  NIH3T3  cells  contained  most  F-actin. 
DT  and  DT/HA-TM1  cells  contained  comparable  amounts  of 
F-actin,  but  exhibited  significantly  lower  F-actin  than  NIH3T3 
cells,  as  measured  by  fluorescence  intensity  (p  <  0.02).  En¬ 
hanced  expression  of  TM1  resulted  in  the  reemergence  of  mi¬ 
crofilaments,  which  reflected  in  increased  F-actin  content.  F- 
actin  content  was  significantly  higher  in  DT/TM1  cells  (1.97  ± 
0.32)  compared  with  DT  cells  (1.01  ±  0.24)  (p  <  0.03).  However, 
the  total  actin  content  in  DT-derived  cells  was  unchanged, 
when  quantitated  by  immunoblotting  and  expressed  relative  to 
tubulin  (Table  I). 

Next  we  determined  whether  HA-TM1  altered  the  growth 
properties  of  DT  cells.  Variant  TM1  did  not  affect  either  the 
monolayer  growth  or  anchorage-independent  growth  rates  of 
DT  cells  (Fig.  2,  A  and  B).  In  contrast,  wild  type  TM1  signifi- 
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Fig.  2.  N-terminal  modification  abolishes  anti-oncogenic  effects  of  TM1.  Growth  of  cells  in  monolayer  (A)  or  under  anchorage- 
independent  conditions  (B)  was  measured.  A,  the  following  cell  lines  were  used:  DT/TM1  (■),  NIH3T3  (A),  DT/HA-TM1  (♦),  and  DT  (•).  The  p 
values  were  calculated  using  two-tailed  t  test  assuming  unequal  variance.  Photomicrographs  of  anchorage-independent  cultures  (B)  are  shown.  The 
histogram  shows  the  efficiency  of  colony  formation  in  DT,  two  independent  clones  of  DT/HA-TM1  and  DT/TM1  cells.  The  error  bars  indicate  mean  ± 
S.D.  from  triplicate  samples. 


cantly  decreased  monolayer  growth  compared  with  HA-TM1 
(p  <  0.005),  comparable  with  the  NIH3T3  cells.  Consistent 
with  its  inability  to  alter  the  cytoskeletal  organization  and 
morphology,  HA-TM1  expression  did  not  affect  the  anchorage- 
independent  growth  of  DT  cells.  DT/HA-TM1  cells  grew  rapidly 
and  formed  colonies  in  soft  agar  as  efficiently  as  the  parental 
DT  cells  or  vector  control  cells.  In  contrast,  DT/TM1  cells  failed 
to  grow  under  anchorage-independent  growth  conditions  (18). 
Tlius,  the  N-terminal  modification  of  TM1  abolishes  the  ability 
of  TM1  to  induce  cytoskeletal  reorganization  and  inhibits  its 
anti-oncogenic  properties. 

HA-TM1  Disrupts  Microfilaments  in  Normal  Fibroblasts — 
Next,  we  investigated  whether  the  modification  of  the  N  ter¬ 
minus  of  TM1  would  interfere  with  the  ability  of  TM1  to  asso¬ 
ciate  with  existing  normal  microfilament  structures.  NIH3T3 
cells  were  transiently  transfected  with  HA-TM1  (Fig.  3A).  HA- 
TM1  incorporated  into  microfilaments  and  colocalized  with 
F-actin.  The  HA-TM1  was  distributed  uniformly  throughout 
the  cytoskeleton,  a  finding  consistent  with  a  previous  report 
(27).  However,  examination  of  the  microfilament  architecture 
after  extended  periods  (48-72  h)  revealed  severe  disruptions  in 
microfilaments  (Fig.  3B).  Cells  expressing  HA-TM1  generally 
lacked  well  defined  linear  microfilaments  that  traverse  the  cell, 
which  are  typical  of  NIH3T3  cells.  Instead,  the  transfected  cells 
displayed  wavy  and  disorganized  microfilaments  containing 
the  variant  protein  and  F-actin  filaments,  and  aberrant  cellu¬ 
lar  morphology  when  compared  with  the  untransfected  cells. 
These  findings  suggest  that  HA-TM1  associates  with  micro¬ 
filaments  and  subsequently  perturbs  the  cytoarchitecture 
(Fig.  35). 

Transient  transfection  typically  produces  an  overabundance 


of  the  gene  product,  which  could  potentially  result  in  artifacts. 
In  this  case,  enhanced  expression  of  a  TM  protein  could  perturb 
intracellular  TM  pools,  leading  to  aberrant  cytoskeleton,  an 
effect  independent  of  the  N-terminal  modification  of  TM1.  To 
rule  out  the  effects  of  overabundance  of  the  transfected  protein, 
we  have  examined  the  microfilament  organization  in  NIH3T3 
cell  lines  that  were  stably  transduced  with  TM1  (NIH3T3/TM1 
cells)  (24).  Enhanced  expression  of  TM1  did  not  disorganize 
microfilaments,  as  did  the  variant  protein  (Fig.  3C).  TM1  colo¬ 
calized  with  linear,  well  defined  stress  fibers,  and  the  normal 
cellular  morphology  was  not  compromised  in  NIH3T3/TM1 
cells.  These  results  indicate  that  enhanced  TM1  expression  per 
se  does  not  induce  disorganized  cytoskeleton.  Because  TMs 
dimerize  in  “head  to  tail”  fashion  and  associate  with  actin, 
modification  of  the  N  terminus  of  TM1  could  have  interfered 
with  either  dimerization  or  binding  to  actin,  or  both. 

To  investigate  further  the  effects  of  the  N-terminal  modifi¬ 
cation  of  TM1  molecule,  we  have  stably  transfected  NIH3T3 
cells  with  HA-TM1  (Fig.  3D).  Immunofluorescence  experiments 
show  that  microfilaments  are  often  “pushed”  to  a  side,  and  a 
substantial  amount  of  variant  TM1  occupies  the  perinuclear 
area.  Variant  TM1  is  also  colocalized  with  phalloidin-positive 
microfilaments,  indicating  that  during  dynamic  reorganization 
of  stress  fibers,  the  HA-TM1  associates  with  filaments.  The 
variant  protein,  because  of  its  abundance,  may  compete  with 
the  endogenous  TM1,  although  the  F-actin  binding  and  dimer¬ 
ization  properties  of  TM1  and  variant  TM1  significantly  differ 
(see  below).  However,  it  is  possible  that  HA-TM1  and  endoge¬ 
nous  TM1  coexist  in  the  stress  fibers. 

Light  microscopic  observation  of  NIH3T3/HA-TM1  cells  re¬ 
vealed  the  presence  of  high  number  of  binucleated  cells,  indi- 
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Fig.  3.  Microfilament  organization  in  HA-TMl-expressing 
cells.  Immunofluorescence  was  performed  to  detect  the  expression  of 
HA-TM1  (anti-HA  antibody)  or  TMs  (TM  antibody)  and  F-actin  (phal- 
loidin).  NIH3T3  cells  transiently  transfected  with  HA-TM1  were 
stained  at  24  (A)  or  48-72  h  (B).  Stable  cell  lines  of  NIH3T3/TM1  cells 
(C)  and  NIH3T3/HA-TM1  (D)  cells  are  also  depicted.  Bar,  10  pm. 

eating  defects  in  cytokinesis  in  the  transfected  cells  (Fig.  4). 
Asynchronously  growing  populations  of  NIH3T3/HA-TM1  cells 
contained  as  high  as  11.91%  (43  of  361  cells)  ofbinucleated  cells 
compared  with  sl%  (5  of  550  cells)  found  with  the  unmodified 
cells.  Flow  cytometry  revealed  a  significantly  higher  number  of 
cells  with  >4  n  DNA  content  (Table  II).  NIH3T3,  NIH3T3/TM1, 
and  NIH3T3/HA-TM1  cells  were  analyzed  for  cell  cycle  progres¬ 
sion  under  normal,  serum-starved,  and  serum-stimulated  con¬ 
ditions.  Although  the  NIH3T3  and  NIH3T3/TM1  cells  did  not 
differ  in  the  number  of  hypertetraploid  cells  (2.9  ±  0.2  and 
3.16  ±  0.03,  respectively),  NIH3T3/HA-TM1  cells  contained 
10.3  ±  1.38%  cells  with  >4  n  DNA  content.  Thus,  the  number 
of  hypertetraploid  cells  in  NIH3T3/HA-TM1  was  significantly 
higher  compared  with  parental  and  wild  type  TMl-expressing 
cells  (p  <  0.01).  The  number  of  hypertetraploid  cells  obtained 
by  flow  analysis  is  comparable  with  the  number  ofbinucleated 
cells  obtained  by  visual  counting  (above).  Serum  starvation 
resulted  in  the  accumulation  of  cells  in  Gq-Gjl  phase  in  all  three 
cell  types.  Although  NIH3T3  and  NIH3T3/TM1  cells  contained 
a  smaller  percentage  of  cells  in  G2-M  phase  in  starved  samples 
(7.96  ±  0.31%  and  10.12  ±  0.36%,  respectively),  the  percentage 
of  cells  in  Gz-M  phase  in  NIH3T3/HA-TM1  was  much  higher 
(26.52  ±  1.4%;  p  <  0.001  compared  with  NIH3T3  and  NIH3T3/ 
TM1  cells).  Significantly,  the  number  of  cells  with  >4  N  DNA 
content  in  NIH3T3/HA-TM1  cells  dramatically  decreased  when 
the  progression  of  cell  cycle  was  inhibited  by  deprivation  of 
serum  (1.96  ±  0.46%).  Serum  stimulation,  however,  led  to  an 
increase  in  the  hypertetraploid  populations  in  NIH3T3/HA- 
TM1  cells  (7.4  ±  0.35%)  but  not  in  NIH3T3  or  NIH3T3/TM1 
(0.98  ±  0.37  and  2.24  ±  0.22%,  respectively;  p  <  0.001  com¬ 
pared  with  NIH3T3/HA-TM1  cells).  Collectively,  these  results 
suggest  that  the  cytokinesis  was  slower  in  NIH3T3/HATM1 


HA-TMl  actin 
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Fig.  4.  HA-TMl  increases  hypertetraploid  cells.  A  representa¬ 
tive  binucleated,  stable  NIH3T3/HA-TM1  cell  stained  with  anti-HA 
antibody  and  phalloidin  is  depicted.  The  numbers  of  binucleated  cells 
were  counted  and  the  percentage  is  given.  In  control  NIH3T3  cells  the 
number  ofbinucleated  cells  is  £1%. 

cells  and  that  perturbing  the  intracellular  TM1  pool  interferes 
with  normal  cytokinesis. 

The  NIH3T3  cell  lines  selected  for  stable  expression  of  the 
HA-TMl  extinguish  the  expression  of  the  transfected  TM1 
upon  a  few  passages,  indicating  that  sustained  expression  of 
HA-TMl  is  not  compatible  with  cell  growth.  Whereas  expres¬ 
sion  of  HA-TMl  induces  cytoskeletal  disorganization  and  de¬ 
lays  cytokinesis,  it  does  not  promote  anchorage-independent 
growth  in  NIH3T3  cells  (data  not  shown). 

Variant  TM1  Does  Not  Bind  to  F-actin — TM1  is  a  major 
actin-binding  protein,  and  the  functions  of  TM1,  including  sup¬ 
pression  of  transformed  growth,  may  be  dependent  upon  its 
ability  to  bind  to  and  stabilize  actin  microfilaments.  Therefore, 
we  have  examined  HA-TMl  binding  to  actin  in  vitro.  HA-TMl 
was  expressed  in  bacteria  and  purified,  and  actin-binding  prop¬ 
erties  of  the  isolated  protein  were  determined  by  cosedimenta¬ 
tion.  As  a  positive  control  for  actin  binding,  we  used  unacety- 
lated,  recombinant  ( Escherichia  coli-ex pressed)  rat  TM2. 
Unacetylated  rat  TM2  bound  well  to  actin,  with  a  binding 
constant  in  the  micromolar  range  (23,  30,  33),  similar  to  that  of 
acetylated  TM1.  Unacetylated  TM1  binds  F-actin  with  lower 
affinity  (23).  Fig.  5  shows  that  TM2  bound  to  F-actin  in  a 
concentration-dependent  and  saturable  manner  with  a  Kapp  of 
2  x  106  m-1,  consistent  with  published  work  (30).  In  contrast, 
HA-TMl  bound  poorly  to  F-actin,  too  weakly  to  obtain  a  bind¬ 
ing  constant.  Although  the  effect  of  other  N-terminal  exten¬ 
sions  on  TM1  function  has  not  been  investigated,  it  is  well 
established  that  introduction  of  various  N-terminal  extensions 
on  striated  muscle  a-tropomyosin  overcomes  the  requirement 
for  N-terminal  acetylation  for  actin  binding  (29,  34,  35).  In 
addition,  striated  muscle  a-tropomyosin  with  N-terminal  fu¬ 
sions,  including  HA,  can  incorporate  into  actin-containing 
structures  in  living  cells  (36,  37).  Whereas  the  mechanism  by 
which  the  HA  epitope  adversely  influences  TMl-actin  affinity 
is  unclear,  the  results  are  consistent  with  the  inability  of  HA- 
TMl  to  induce  microfilaments  and  to  suppress  transformed 
growth,  as  well  as  with  its  interference  with  cytokinesis. 

Dimerization  and  Interactions  between  Wild  Type  and  Vari¬ 
ant  TM1  Proteins — TMs  bind  to  actin  as  parallel,  in  register 
dimers  (38,  39).  Previous  studies  from  this  laboratory  indicate 
that  homodimers  of  TM1  form  a  stable  component  in  cytoskel¬ 
etal  compartment  in  DT/TM1  cells  (24).  We  examined  whether 
actin  binding  of  the  variant  TM1  is  influenced  by  the  ability  of 
TM1  to  associate  as  dimers,  and  whether  dimerization  is  im¬ 
portant  in  TMl-induced  cytoskeletal  reorganization. 

First,  we  tested  whether  HA-TMl  forms  homodimers  by 
cross-linking  the  unique  cysteine  residue  with  a  sulfhydryl 
cross-linker,  DTNB,  to  stabilize  the  dimers  in  the  lysates  of 
metabolically  labeled  DT/HA-TM1  cells  (Fig.  6A).  Cross-linked 
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Table  II 

N -terminal  modification  of  TM 1  induces  hypertetraploid 
The  percent  fraction  of  cells  in  each  phase  of  the  cell  cycle  was  analyzed  from  either  actively  growing  subconfluent  cells  or  from  serum-starved 
cultures  for  24  h.  Starved  cultures  were  stimulated  for  28  h.  Accumulation  of  hypertetraploid  cells  is  significantly  higher  in  HA-TM1  cells  compared 
with  those  expressing  wild  type  TM1  or  unmodified  NIH3T3  cells.  Data  are  shown  as  means  ±  S.D.  from  triplicate  samples  of  a  representative 
experiment.  The  p  values  reported  in  the  text  are  calculated  by  two-tailed  t  test,  assuming  unequal  variance. 


Cell  type-growth  condition 

%  fraction  of  cells 

Go-Gi 

s 

g2-m 

Hypertetraploid 

cells 

NIH3T3 -active 

36.75  ±  2.48 

29.25  ±  5.18 

33.98  ±  2.97 

2.9  ±  0.2 

NIH3T3-serum-starved 

89.5  ±  0.53 

2.53  ±  0.28 

-  7.96  ±  0.31 

0.46  ±  0.05 

NIH3T3-stimulated 

65.81  ±  6.03 

25.25  ±  4.37 

8.93  ±  1.93 

0.98  ±  0.37 

NIH3T3/TMl-active 

28.44  ±  1.27 

40.12  ±  1.17 

31.43  ±  0.35 

3.16  ±  0.03 

NIH3T3/TMl-serum-starved 

85.1  ±  0.61 

4.77  ±  0.6 

10.12  +  0.36 

0.64  ±  0.1 

NIH3T3/TMl-stimulated 

56.05  ±  0.27 

25.88  ±  0.54 

18.06  ±  0.34 

2.24  ±  0.22 

NIH3T3/HA-TMl-active 

36.86  ±  3.57 

31.47  ±  4.42 

31.62  +  1.83 

10.3  ±  1.38 

NIH3T3/HA-TM1-  serum-starved 

71.51  ±  2.06 

1.96  ±  0.78 

26.52  ±  1.4 

1.96  ±  0.46 

NIH3T3/HA-TMl-stimulated 

42.38  ±  3.84 

19.12  ±  2.97 

38.46  ±  1.28 

7.4  ±  0.35 

Fig.  5.  N-terminal  modification  decreases  TM1  binding  to  F- 
actin.  Actin  binding  of  bacterially  purified  HA-TM1  (O)  is  measured  by 
cosedimentation,  as  described  under  “Experimental  Procedures.”  Wild 
type  TM2  (•)  is  used  as  a  control,  which  bound  to  actin  with  an  affinity 
of  ifapp  2  X  106  M"1.  The  TM/actin  density  ratio  (an  arbitrary  number) 
versus  free  TM  is  plotted.  The  value  at  saturation  for  wild  type  TM2 
represents  stoichiometric  saturation  (1  TM:7  actins). 

samples  were  immunoprecipitated  with  either  TM  antiserum 
or  monoclonal  anti-HA  antibody  and  analyzed  by  SDS-PAGE, 
either  in  the  presence  or  absence  of  2-mercaptoethanol  in  gel 
sample  buffer  by  SDS-PAGE.  In  DT  and  DT/TM1  cells,  ho¬ 
modimers  of  TMl  were  readily  evident  when  samples  were 
analyzed  using  a  buffer  lacking  2-mercaptoethanol.  The  HA- 
TM1  protein  expressed  in  DT/HA-TM1  cells,  however,  re¬ 
mained  as  monomer.  However,  by  cross-linking  using  unla¬ 
beled  cells,  which  measures  steady  state  interactions,  dimers  of 
HA-TM1  were  detected  by  both  TM  and  HA  antibodies  in 
immunoblotting  (Fig.  6 B).  These  results  indicate  that  na- 
scently  synthesized  HA-TM1  either  compartmentalizes  differ¬ 
ently  or  folds  improperly  preventing  dimeric  associations.  Fur¬ 
thermore,  HA-TM1  isolated  from  bacteria  (same  preparation 
used  for  binding  assays,  see  above)  also  cross-linked  into 
dimers  (data  not  shown),  indicating  that  dimerization  alone 
may  not  ensure  proper  actin  binding. 

Next  we  investigated  whether  the  wild  type  and  variant  TMl 
proteins  interact  with  each  other.  Coimmunoprecipitation  ex¬ 
periments  were  performed  using  metabolically  labeled  (Fig. 
6C)  and  unlabeled  cell  lysates  (Fig.  6 D)  to  detect  interactions  at 
steady  state.  As  expected,  both  proteins  were  immunoprecipi¬ 
tated  with  TM  antibody.  In  labeled  DT/HA-TM1  cells,  however, 
the  tagged  protein  did  not  coimmunoprecipitate  with  the  en¬ 
dogenous  protein  as  judged  by  immunoprecipitation  with  anti- 


HA  antibody,  suggesting  a  TM1:HA-TM1  heterodimer  is  not 
formed  (Fig.  6C).  Immunoprecipitation  of  unlabeled  DT/HA- 
TM1  and  NIH3T3/HA-TM1  cell  proteins  with  anti-HA  antibody 
resulted  in  coimmunoprecipitation  of  a  modest  amount  of  en¬ 
dogenous  TMl,  indicating  a  small  amount  of  heterodimer  for¬ 
mation  (Fig.  6D). 

Interestingly,  during  our  efforts  to  isolate  HA-TM1  from 
DT/HA-TM1  cells,  we  found  that  as  the  purification  progressed, 
the  enrichment  of  HA-TM1  on  HA  affinity  columns  also  yielded 
the  endogenous  TMl,  resulting  in  isolation  of  HA-TM1  and 
TMl  complexes  (data  not  shown).  This  finding  suggests  that 
although  HA-TM1  is  capable  of  binding  to  TMl,  such  interac¬ 
tions  do  not  occur  efficiently  in  cells  (Fig.  6,  C  and  D ). 

TMl,  but  Not  Variant  TMl,  Alters  Cofilin  Distribution — 
Stress  fiber  organization  is  controlled  by  Rho  kinase,  which 
regulates  phosphorylation  of  myosin  light  chain  kinase  and 
LIM  kinase.  Whereas  increased  phosphorylation  of  myosin 
light  chain  kinase  promotes  contractility  leading  to  microfila¬ 
ment  reorganization,  activated  LIM  kinase  phosphorylates  co¬ 
filin  at  Ser-3  and  inhibits  its  severing  action  (reviewed  in  Ref. 
40).  Previous  studies  from  this  laboratory  have  shown  that  the 
Rho  kinase  pathway  is  essential  for  TMl-induced  microfila¬ 
ment  reorganization  in  ras-transformed  cells  (26).  Down-regu¬ 
lation  of  LIM  kinase,  which  appears  to  result  in  a  significant 
increase  in  activated  cofilin,  has  been  implicated  as  a  key 
mechanism  in  cytoskeletal  disruption  in  ras-,  and  src-trans- 
formed  cells  (41,  42).  Tropomyosins  protect  microfilaments 
from  the  severing  and  depolymerizing  actions  of  cofilin  (43, 44). 
Therefore,  we  considered  whether  TMl-induced  cytoskeletal 
reorganization  involves  inhibition  of  cofilin-mediated  microfila¬ 
ment  depolymerization. 

We  measured  activation  status  of  cofilin  in  NIH3T3,  DT, 
DT/TM1,  and  DT/HA-TM1  cells  using  phosphocofilin-specific 
antibodies.  Normal  NIH3T3  cells  contained  consistently  the 
highest  phosphocofilin  to  cofilin  ratio,  which  indicates  the  least 
activity  (Fig.  7 A).  The  ratio  of  phosphocofilinxofilin  in  NIH3T3 
cells  is  taken  as  100%.  The  ratio  of  phosphocofilin  to  total 
cofilin  is  significantly  lower  in  DT  (57.3  ±  11.6%,  p  <  0.05)  and 
DT/HA-TM1  (68.9  ±  13.7%,  p  <  0.03)  cells  compared  with 
NIH3T3  cells  (100%)  in  five  different  experiments.  However, 
TMl  expression  in  DT  cells  modestly  elevated  phosphocofilin 
content.  In  DT/TM1  cells  phosphocofilin  to  cofilin  ratio  was 
found  to  be  at  79.43  ±  15.49%  when  compared  with  NIH3T3 
cells  (p  <  0.02)  but  does  not  appear  to  be  significantly  different 
from  DT/HA-TM1  cells  (p  <  0.1).  These  results  suggest  that 
down-regulation  of  cofilin  activity  alone  may  not  completely 
account  for  TMl-induced  cytoskeletal  organization. 

Next,  we  have  examined  whether  the  subcellular  distribu¬ 
tion  of  cofilin  is  altered  in  TMl-induced  cytoskeletal  reorgani- 
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Fig.  6.  Dimerization  and  interac¬ 
tions  of  HA-TM1.  A,  metabolically  la¬ 
beled  cell  lysates  were  cross-linked  with 
DTNB,  immunoprecipitated,  and  ana¬ 
lyzed  without  or  with  2-mercaptoethanol 
( EtSH )  in  gel  sample  buffer.  TM1  dimers, 
monomeric  TM1,  and  HA-TM1  are  identi¬ 
fied.  B,  unlabeled  cell  lysates  (steady 
state)  were  cross-linked  and  immuno- 
blotted  with  TM  antibody.  Dimeric  and 
monomeric  TMs  are  marked.  C,  immuno- 
precipitation  (-ip)  of  TM1  and  HA-TM1  in 
metabolically  labeled  cells.  Although  TM 
antibody  immunoprecipitates  TM1  and 
HA-TM1,  the  epitope  tag  antibody  does 
not  coimmunoprecipitate  wild  type  TM1, 
indicating  a  lack  of  heterodimer  forma¬ 
tion.  D,  HA-TM1  interacts  weakly  with 
TM1  at  steady  state.  Cell  lysates  from 
NIH3T3/HA-TM1  and  DT/HA-TM1  were 
immunoprecipitated  with  TM  or  HA  anti¬ 
bodies  and  immunoblotted,  as  indicated. 
Cell  lysates  were  also  run  as  controls. 
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zation.  In  NIH3T3  cells,  cofilin  is  distributed  throughout  the 
cytoplasm,  as  well  as  in  the  nucleus  (Fig.  IB).  Cofilin  does  not 
appear  to  associate  with  either  F-actin  or  TMs  present  in  stress 
fibers.  In  DT/HA-TM1  cells,  however,  cofilin  and  TMs  are  dis¬ 
tributed  in  the  cytoplasm;  similar  staining  was  found  in  DT 
cells  (data  not  shown).  In  contrast,  in  DT/TM1  cells,  which 
contain  well  developed  microfilaments,  TMs  and  cofilin  do  not 
colocalize,  and  the  staining  pattern  resembles  that  of  NIH3T3 
cells. 

Because  high  Mr  TMs,  including  TMI,  bind  and  stabilize 
microfilaments  against  the  action  of  cofilin,  we  investigated 
whether  HA-TMl-induced  microfilament  disruption  is  medi¬ 
ated  by  cofilin.  NIH3T3  cells  were  transfected  with  HA-TM1  to 
test  whether  cofilin  and  variant  TMI  colocalize.  At  earlier  time 
points  (24-48  h)  of  transfection,  we  could  detect  cofilin  associ¬ 
ation  with  HA-TMl-positive  aberrant  microfilaments  (Fig.  7C, 
top  panel).  However,  the  residual  normal  microfilaments 
lacked  detectable  staining  of  cofilin  and  HA-TM1.  As  the  trans¬ 
fection  time  progressed,  both  of  these  proteins  were  localized  to 
the  perinuclear  area,  which  lacked  defined  microfilament 
structures.  In  such  cells  stress  fibers  were  displaced  to  the 
periphery  and  were  stained  positive  for  phalloidin  alone.  Cofi¬ 
lin  and  HA-TM1  were  not  detectable  in  those  stress  fibers  (Fig. 
7 C,  middle  panel).  It  is  likely  that  the  linear  filaments  pro¬ 
tected  by  the  endogenous  TMI  may  exclude  cofilin  binding  to 
the  stress  fibers.  Transfection  of  DT  cells  with  HA-TM1,  how¬ 
ever,  did  not  result  in  the  formation  of  microfilaments,  and 
cofilin  colocalized  with  the  HA-TM1  throughout  the  cytoplasm 
(Fig.  7 C,  bottom  panel).  These  results  suggest  that  modified 
TMI,  which  interacts  poorly  with  F-actin,  allows  cofilin  binding 
to  microfilaments  and  remodels  the  cytoskeleton. 

DISCUSSION 

The  important  findings  of  this  investigation  are  as  follows.  1) 
The  integrity  of  the  N  terminus  of  TMI  is  critical  for  TM1- 
induced  microfilament  reorganization  and  tumor  suppression. 
2)  Modification  of  the  N  terminus  decreases  TMI  binding  to 
actin  which  allows  cofilin-mediated  cytoskeletal  disorganiza¬ 


tion.  3)  TMI  is  required  for  normal  cytokinesis.  Suppression  of 
TMI  in  normal  cells  is  difficult  due  to  its  abundance,  and  to 
date  no  mutants  of  TMI  have  been  described.  Hence,  the  var¬ 
iant  TMI  is  a  useful  tool  to  study  TMs,  as  it  functions  as  a 
dominant  negative  mutant. 

In  this  study  we  have  focused  on  structural  aspects  of  TMI 
that  mediate  cytoskeletal  reorganization  and  tumor  suppres¬ 
sion.  It  is  intriguing  that  although  TMs  bind  to  F-actin  in  the 
micromolar  range,  and  TMI  has  no  unique  structural  domains, 
TMI  exerts  remarkably  specific  effects  on  cell  growth  compared 
with  other  TMs  (17,  19,  45,  46).  Subtle  differences  in  TM-actin 
interactions  modulate  a  range  of  cellular  events  that  depend  on 
cytoskeletal  organization  (1).  Many  in  vitro  binding  studies, 
however,  have  shown  that  the  N  and  C  termini  are  critical 
determinants  of  TM  binding  to  actin  (47,  48).  Some  TMs,  for 
instance,  striated  muscle  a-tropomyosin  and  yeast  TM,  require 
N-terminal  acetylation,  which  may  stabilize  the  N  terminus 
(49)  for  actin  binding  (23,  35,  50)  and  for  the  function  of  yeast 
TM  in  vivo  (51,  52).  The  requirement  for  striated  muscle  a-tro- 
pomyosin  and  yeast  TM  for  IV-acetylation  may  be  overcome  by 
extending  the  N  terminus  by  addition  of  a  variety  of  peptide 
sequences  (29,  34,  35,  37,  50).  However,  this  is  not  the  case  with 
HA-TM1. 

Other  efforts  to  obtain  insight  into  cellular  TM  functions 
have  also  examined  the  contribution  of  the  N  and  C  termini  of 
TMs,  utilizing  chimeric  TMs.  Chimeras  of  non-muscle  and 
muscle  type  TMs  (TM5/3),  consisting  of  TM5  and  TM3,  have 
been  shown  to  bind  F-actin  avidly  and  cause  accumulation  of 
multinucleated  cells  resulting  from  delayed  cytokinesis  (48). 
Most  interesting,  cells  expressing  the  chimera  retained  normal 
microfilament  architecture.  More  recent  studies  using  trans¬ 
genic  expression  of  chimeras  of  a  and  ft  TMs  have  identified 
that  the  C  terminal  portion  of  TM  is  an  important  determinant 
of  cardiac  function  (53). 

Because  TMs  bind  cooperatively  in  a  head  to  tail  fashion, 
modification  of  N  terminus  is  sufficient  to  disrupt  TMI  associ¬ 
ation  with  actin,  even  though  the  rest  of  the  coding  sequence 
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Fig.  7.  TM1,  but  not  modified  TM1,  alters  cofilin  distribution. 
A,  cellular  phosphocofilin  content  is  down-regulated  in  DT  and  DT/HA- 
TM1  cells.  Cell  lysates  were  immunoblotted  with  an  antibody  that 
recognizes  phosphocofilin  or  total  cofilin.  The  blot  was  also  probed  with 
a  TM  polyclonal  antibody  and  anti-a-tubulin  antibody.  The  ratio  of 


and  actin  binding  domains  are  identical  to  the  wild  type  pro¬ 
tein.  The  abundantly  produced  variant  TM1,  notwithstanding 
its  lower  affinity  to  actin,  competes  with  the  endogenous  pro¬ 
tein,  associates  with  microfilaments,  and  subsequently  dis¬ 
rupts  microfilament  architecture.  Alternatively,  HA-TM1  may 
compete  for  caldesmon  (54),  and  thus  could  impact  TMl-actin 
interactions,  which  also  could  disrupt  the  stability  of  the 
cytoskeleton. 

Interaction  of  Wild  Type  and  HA-TM1 — Homodimers  of  TM1 
are  incorporated  into  the  cytoskeletal  compartment.  The  di¬ 
meric  TM1  is  hypothesized  to  be  important  for  cytoskeletal 
reorganization  and  tumor  suppression  (24).  It  is  interesting 
that  although  HA-TMl  retains  the  ability  to  dimerize  and 
associate  with  endogenous  TM1  in  vitro,  it  fails  to  bind  to 
F-actin  in  the  cosedimentation  experiments.  Coimmunoprecipi- 
tation  and  cross-linking  studies  (Fig.  6)  show  that  HA-TMl 
homodimerizes  and  can  interact  in  vitro  with  the  endogenous 
TM1,  a  finding  consistent  with  earlier  studies  (27).  In  vivo, 
however,  HA-TMl  does  not  associate  with  the  endogenous 
TM1,  nor  does  the  nascently  synthesized  protein  dimerize. 
Several  possibilities  may  explain  this  discrepancy. 

First,  N-terminal  modification  may  alter  subcellular  local¬ 
ization  of  TM1.  HA-TMl  segregates  into  a  distinct  subcellular 
location  from  microfilaments  in  NIH3T3  cells  (Figs.  3D  and 
1C).  Second,  altered  conformation  and/or  the  inability  to  be 
recognized  for  certain  post-translational  modifications  could 
account  for  the  failure  of  the  variant  TM1  to  be  sorted  with  the 
endogenous  TM1. 

TM1  Regulates  Cytokinesis — Because  microfilaments  pro¬ 
vide  the  necessary  force  for  cytokinesis  (55),  and  the  stability  of 
actin  microfilaments  is  controlled  by  TMs,  alterations  in  TM- 
actin  interactions  could  impact  cell  division.  Expression  of  HA- 
TMl  remarkably  increases  the  number  of  binucleated  cells, 
indicating  aberrant  cytokinesis  (Fig.  4  and  Table  II).  Similar  to 
the  results  reported  here,  a  previous  study  showed  that  chi¬ 
meric  TMs  exhibit  higher  binding  affinity  to  F-actin  and  induce 
defective  cytokinesis.  These  data  suggest  that  the  exact  match¬ 
ing  of  the  N  and  C  termini  is  essential  for  normal  functioning 
of  TMs  (48).  Further  work  showed  that  the  hTM5/3  chimeras 
induce  altered  motile  behavior  during  the  cytokinesis  (56). 
These  workers  suggested  the  stronger  binding  of  the  chimeras 
with  actin  (57)  would  differentially  regulate  the  contractile  ring 
than  would  the  wild  type  TMs.  The  defective  cytokinesis  could 
be  the  consequence  of  a  generation  of  much  higher  force  for 
separating  daughter  cells  through  interaction  between  the  chi¬ 
meras  and  actin  than  that  produced  by  the  wild  type  proteins 
(56).  Because  HA-TMl  interacts  poorly  with  actin,  HA-TMl 
binding  could  yield  lower  than  necessary  force  and  hence  delay 
the  cytokinesis.  This  is  supported  by  the  fact  that  blockade  of 
the  cell  cycle  through  serum  starvation  results  in  the  comple¬ 
tion  of  cytokinesis  in  HA-TMl  cells  with  a  decrease  in  hyper- 
tetraploid  populations.  Serum  starvation  of  NIH3T3/HA-TM1 


phosphocofilin  to  total  cofilin  was  calculated.  The  results  (mean  values) 
of  five  independent  experiments,  normalized  to  NIH3T3  as  100%,  are 
presented  as  the  phosphocofilin/cofilin  ratio.  The  p  values  are  calcu¬ 
lated,  based  on  paired  two-tailed  t  test.  B,  TM1  and  F-actin  do  not 
colocalize  with  cofilin.  Indicated  cell  lines  were  stained  for  TM  (using 
TM311  antibody),  cofilin  and  F-actin.  C,  HA-TMl  and  cofilin  colocalize. 
NIH3T3  and  DT  cells  were  transiently  transfected  with  HA-TMl  and 
stained  to  detect  HA-TMl,  cofilin,  and  F-actin.  At  earlier  points  of 
transfection  (.top  panel),  HA-TMl  and  cofilin  colocalize  in  transfected 
cells  and  appear  to  be  excluded  from  microfilaments.  Upon  continued 
expression  of  the  variant  protein,  stress  fibers  are  displaced  to  the 
periphery  of  the  cell,  whereas  cofilin  and  HA-TMl  colocalize  to  the  cell 
body  ( middle  panel).  DT  cells  were  also  transfected  with  HA-TMl  and 
observed  at  72  h  ( bottom  panel).  Cofilin  and  HA-TMl  were  distributed 
throughout  the  cell  body  in  transfected  and  untransfected  DT  cells.  Bar, 
10  pm. 
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cells,  however,  produces  a  higher  percentage  of  cells  in  G2-M 
phase,  compared  with  the  parental  and  wild  type  TMl-express- 
ing  cells,  indicating  a  slower  cytokinesis. 

Other  researchers  also  report  that  high  Mx  TMs  localize  to 
the  contractile  ring  during  cell  division  (58).  Collectively,  these 
results  suggest  that  both  high  and  low  Mr  TMs  are  required  for 
the  normal  completion  of  cytokinesis. 

Role  of  Cofilin  in  Variant  TM1  Induced  Cytoskeletal  Changes — 
TMs  protect  actin  filaments  from  the  gel  severing  and  depolymer¬ 
ization  actions  of  ADF/cofilin  and  gelsolin  (12,  43,  59).  Investiga¬ 
tions  into  TMl-induced  microfilament  organization  suggested  that 
total  gelsolin  levels  are  not  altered  in  TMl-expressing  DT  cells, 
suggesting  that  gelsolin  may  not  be  involved  (26).  Cofilin  and  TMs 
bind  to  actin  in  a  mutually  exclusive  manner,  and  cofilin  increases 
rate  of  depolymerization  from  the  pointed  end  of  actin  filament  and 
severs  actin  filaments  (reviewed  in  Ref.  13).  Recent  studies  have 
suggested  that  some  TM  isoforms  may  bind  to  cofilin  (60)  and 
inhibit  actin  nucleation  and  branching  (11).  Furthermore,  genetic 
studies  in  Caenorhabditis  elegans  show  that  CeTM  inhibits  ADF/ 
cofilin-mediated  thin  filament  dynamics  (43).  LIM  kinases,  one  of 
the  effectors  of  Rho  kinase  signaling  pathways,  phosphorylate  and 
inactivate  cofilin  (61-63).  Our  previous  work  (26)  shows  that  Rho 
kinase  signaling  pathways  are  required  to  maintain  the  TMl- 
induced  cytoskeleton,  which  indicates  a  role  for  cofilin  in  TMl- 
induced  cytoskeletal  dynamics. 

We  find  that  ras  transformation  decreases  the  phosphocofilin 
content  (Fig.  7 A),  indicating  that  enhanced  activation  of  cofilin 
may  reshape  the  deregulation  of  cytoskeletal  organization  into 
a  more  dynamic  and  motile  cytoskeleton.  These  results  are  in 
agreement  with  the  published  reports  that  show  that  neoplas¬ 
tic  transformation  uncouples  Rho  signaling  pathways,  enhanc¬ 
ing  cofilin  activity  (41,  42).  Restoration  of  TM1  expression 
modestly  elevates  the  phosphocofilin  content  in  DT  cells,  indi¬ 
cating  that  additional  mechanisms  such  as  the  altered  intra¬ 
cellular  compartmentalization  may  limit  cofilin  activity  in 
TMl-induced  cytoskeleton  in  ras-transformed  cells.  Support  for 
this  possibility  comes  from  the  immunofluorescence  experi¬ 
ments  that  show  that  cofilin  does  not  colocalize  with  F-actin  in 
DT/TM1  cells  or  NIH3T3  cells,  which  contain  well  defined 
stress  fibers.  Functionally  defective  TMs,  such  as  HA-TM1, 
however,  appear  to  be  unable  to  protect  microfilaments,  as 
evidenced  by  colocalization  of  cofilin  in  aberrant  microfila¬ 
ments.  The  variant  TM1  and  cofilin  colocalize  and  are  absent  in 
normal  stress  fibers.  Thus,  TM1  is  a  key  protein  in  stabilizing 
stress  fibers  against  the  action  of  cofilin-mediated  remodeling. 
Similarly,  TMs  are  suggested  to  limit  cofilin  to  the  leading  edge 
of  the  cells,  and  where  localized,  dynamic  remodeling  of  actin 
filaments  occurs  (44). 

Alternate  mechanisms  of  cytoskeletal  reorganization  by  TM1 
in  ras-transformed  cells,  involving  post-translational  modifica¬ 
tions,  cannot  be  ruled  out.  Extracellular  signal-regulated  ki¬ 
nase-mediated  phosphorylation  of  TM1  is  suggested  to  be  a 
signal  for  the  assembly  of  stress  fibers  in  endothelial  cells  (64). 
Because  extracellular  signal-regulated  kinase  signaling  is  con- 
stitutively  activated  in  DT  cells  and  the  variant  TM1  expres¬ 
sion  is  unable  to  rescue  stress  fiber  assembly,  further  work  is 
needed  to  clarify  the  role  of  intracellular  signaling  in  TM1- 
mediated  cytoskeletal  reorganization  in  transformed  cells.  Al¬ 
though  we  have  shown  that  TM1  reorganizes  microfilaments  in 
oncogene-transformed  cells  (18,  20)  and  breast  carcinoma  cells 
(16,  17),  other  investigators  have  found  that  TM1  is  unable  to 
reorganize  microfilaments  in  ras-transformed  RIE  cells  (65) 
and  neuroblastoma  cells  (66),  suggesting  a  requirement  for 
additional  and  as  yet  unknown  factors  in  TMl-induced  cy¬ 
toskeletal  reorganization. 

In  summary,  we  have  identified  that  N-terminal  integrity  is 


a  key  regulator  of  TM1  functions.  TMl-mediated  cytoskeletal 
reorganization  and  tumor  suppression  may  be  dependent  on 
TMl-F-actin  interactions  as  well  as  on  restricting  the  access  of 
gel-severing  proteins  to  actin  filaments.  Furthermore,  TMl- 
induced  cytoskeletal  reorganization  may  involve  inhibiting  the 
gel  severing  activity  of  cofilin  through  modulation  of  phospho¬ 
rylation  status  and  preventing  its  association  with  microfila¬ 
ments.  Our  results  also  suggest  that  TM1  is  pivotal  in  main¬ 
taining  the  stress  fibers. 
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Summary: 

Two  of  the  most  common  properties  of  malignant  cells  are  the  presence  of  aberrant  actin 
cytoskeleton  and  resistance  to  anoikis.  Suppression  of  several  key  cytoskeletal  proteins, 
including  tropomyosin- 1  (TM1),  during  neoplastic  transformation  is  hypothesized  to 
contribute  to  the  altered  cytoskeleton  and  neoplastic  phenotype.  Using  TM1  as  a 
paradigm,  we  have  shown  that  cytoskeletal  proteins  induce  anoikis  in  breast  cancer 
(MCF-7  and  MDA  MB  231)  cells.  Here,  we  have  tested  the  hypothesis  that  TM1- 
mediated  cytoskeletal  changes  regulate  integrin  activity  and  the  sensitivity  to  anoikis. 
TM1  expression  in  MDA  MB  MB231  cells  promotes  the  assembly  of  stress  fibers, 
induces  rapid  anoikis  via  caspase  dependent  pathways  involving  cytochrome  C.  Further, 
TM1  inhibits  binding  of  MDA  MB  231  cells  to  collagen  I,  but  promotes  adhesion  to 
laminin.  Inhibition  of  Rho  kinase  disrupts  TM1 -mediated  cytoskeletal  reorganization  and 
adhesion  to  the  extracellular  matrix  components,  whereas  the  parental  cells  attach  to 
collagen  I,  spread  and  form  extensive  actin  meshwork  in  presence  of  Rho  kinase 
inhibitor,  underscoring  the  differences  in  malignant  and  TM1 -transduced  breast  cancer 
cells.  Further,  treatment  with  the  cytoskeletal  disrupting  drugs  rescues  the  cells  from 
TM1 -induced  anoikis.  These  new  findings  demonstrate  that  that  aberrant  cytoskeleton 
contributes  to  neoplastic  transformation  by  conferring  resistance  to  anoikis.  Restoration 
of  stress  fiber  network  through  enhanced  expression  of  key  cytoskeletal  proteins  may 
modulate  the  activity  of  focal  adhesions  and  sensitize  the  neoplastic  cells  to  anoikis. 
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Introduction: 


It  is  now  well  established  that  the  interactions  of  cells  with  their  surroundings  exert 
profound  influence  on  cell  phenotype  (1-5).  The  growth  and  differentiation  of  normal 
epithelial  cells  is  dependent  on  survival  signals  that  are  activated  by  the  interactions  of 
adhesion  molecules  and  the  extra  cellular  matrix  compounds  (ECM)  (6,7).  Under  normal 
growth  conditions,  integrins  are  activated  following  binding  to  ECM,  which  in  turn, 
activates  a  number  of  diverse  intracellular  events  (8).  These  events  include  the  assembly 
of  focal  adhesions,  actin  microfilament  reorganization  and  recruitment  of  a  number  of 
signaling  molecules  to  the  focal  adhesions.  Although  the  mechanisms  need  to  be 
completely  delineated,  it  is  suggested  that  the  reorganized  cytoskeleton  is  believed  to 
transduce  integrin-derived  signals  to  promote  growth  and  differentiation  (9).  However, 
cells  rapidly  undergo  apoptosis  when  deprived  of  the  adhesion-derived  signals,  in  a 
process  termed  anoikis  (6).  Consequently,  cell  survival  is  ensured  only  when  cells  are  in 
their  physiological  environment.  Thus,  anoikis  plays  a  key  role  during  normal  growth 
and  differentiation,  as  illustrated  in  tubulogenesis  of  mammary  epithelial  cells  (10,11) 
and  wound  healing  (12). 

Most  malignant  cells,  however,  are  resistant  to  anoikis,  and  thus  are  able  to 
survive  in  a  non-physiological  environment  to  grow  as  metastases.  Some  studies  have 
suggested  that  resistance  to  anoikis  is  acquired  early  on  during  the  neoplastic  growth 
(10,13).  Several  mechanisms  have  been  suggested  to  contribute  to  the  resistance  of 
anoikis  in  malignant  cells.  For  example,  activation  of  oncogenes  (14),  growth  factors 
(15,16)  and  modulation  of  integrin  activity  (17-19),  which  result  in  the  activation  of  a 
plethora  of  mitogenic  and  survival  signaling,  have  been  shown  to  confer  resistance  to 
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anoikis  in  malignant  cells.  However,  few  studies  have  examined  the  mechanisms/agents 
that  re-sensitize  tumor  cells  to  anoikis.  For  instance,  inactivation  of  tumor  suppressor 
genes,  such  as  PTEN  (20,21)  and  pld11'*43  (22,23),  also  are  associated  with  the 
acquisition  of  resistance  to  anoikis. 

One  of  the  most  prominent  features  of  malignant  cells  is  the  presence  of  altered 
actin  cytoskeleton,  arising  from  the  suppression  of  several  key  actin-binding  proteins, 
such  as  profilin,  a-actinin,  tropomyosins  (TMs)  (Reviewed  in  (24,25)).  The  aberrant 
cytoskeleton  contributes  to  neoplastic  growth  in  several  ways  including  through  altered 
cell  motility  (reviewed  in(26-28))  and  sensitivity  to  apoptosis  (29).  However,  it  is 
unresolved  whether  the  tumor  cell  cytoskeleton  plays  a  role  in  conferring  adhesion- 
independent  survival. 

Work  from  this  and  other  laboratories  has  identified  that  the  tropomyosin 
isoform- 1  (TM1),  is  consistently  suppressed  in  breast  cancer  cell  lines  (30)  and  tissues 
(31),  and  is  downregulated  in  urinary  bladder  tumors  (32),  suggesting  that  the  loss  of 
TM1  may  contribute  to  the  neoplastic  transformation.  Restoration  of  TM1  expression  in 
several  oncogene-transformed  (33-35)  and  spontaneously  transformed  breast  cancer  cells 
(31,36)  reorganizes  microfilaments,  forms  stress  fibers  in  a  Rho-kinase-dependent 
fashion  (37)  and  suppresses  the  anchorage-independent  growth.  Further  investigations 
have  revealed  that  TM1  induces  anoikis  in  breast  cancer  cells,  and  thus  may  suppress 
their  malignant  behavior  (31,36).  Since  TMs  stabilize  actin  cytoskeleton  (reviewed  in 
(38))  and  regulate  actin-myosin  interactions  (reviewed  in  (39)),  we  have  hypothesized 
that  TM1  mediated  cytoskeletal  reorganization  is  critical  for  the  anti-neoplastic  effects  of 
TM1  (40). 
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We  have  sought  to  determine  whether  the  cytoskeletal  organization  modulates  the 
sensitivity  to  anoikis.  We  have  utilized  TM1 -mediated  cytoskeletal  changes  as  a 
paradigm  to  investigate  the  mechanisms  of  resensitization  of  tumor  cells  to  anoikis. 
Given  the  predominant  role  of  integrins  in  adhesion-dependent  signaling,  and  that  TM1 
promotes  detachment-induced  apoptosis,  we  have  found  that  TM1  modulates  the 
expression  and  activity  of  integrins  in  breast  cancer  cells,  which  may  be  important  in 
TMl-induced  anoikis. 
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Materials  and  Methods: 

Cell  lines  and  reagents :  Culture  conditions  for  MDA  MB231  and  MDA  MB231/TM1 
cells  have  been  previously  described  (31).  The  extra  cellular  matrix  (ECM)  components, 
rat  tail  collagen-I,  collagen-IV,  mouse  laminin  I  and  fibronectin  were  purchased  from  BD 
Biosciences.  Poly-L-Lysine  was  obtained  from  Sigma.  Anti-integrin  antibodies  for 
determining  integrin  expression  were  obtained  from  Chemicon:  a2  (P1E6),  |31  (clone 
HB1.1),  a6  (clone  NKI-GoH3)  and  a9  (Y9A2).  The  Integrin  antibodies  direct  to  p4  and 
a6  subunits  (439-9B  and  135-13C)  were  from  Rita  Falcioni  (41).  Caspase-3,  caspase-7, 
caspase-8  and  PARP  were  purchased  from  Cell  Signaling.  Caspase  inhibitor,  Z-Val-Ala- 
Asp-CH2F  (Z-VAD),  was  purchased  from  Calbiochem  and  the  stock  solution  prepared  in 
DMSO.  In  experiments  involving  reagents  dissolved  in  DMSO  or  ethanol,  treatment  with 
the  vehicle  alone  was  used  as  controls.  Texas-red  conjugated  phalloidin  was  obtained 
from  Molecular  Probes. 

Immunoblotting :  Cytoplasmic  cell  lysates  were  prepared  by  NP40/DOC  buffer  (40)  and 
total  cell  lysates  were  prepared  using  SDS  buffer  (2%  SDS,  lOmM  Tris-HCl  pH8.0), 
ImM  sodium  vanadate,  lOmM  sodium  fluoride  and  100pM  P-glycerophosphate).  The 
SDS-solubilized  lysates  were  sonicated  with  a  Branson  sonifier-250  (6  pulses  with 
microtip  at  50%  duty  cycle  and  output  control  at  5)  to  reduce  viscosity.  Gel 
electrophoresis  was  carried  out  under  non-reduced  conditions  for  detecting  integrins  a2, 
and  pi.  TM  expression  was  determined  by  a  pan-TM  antibody  prepared  in  house  (36). 
We  also  used  anti-peptide  raised  against  a  specific  sequence  of  TM1  molecule  that  does 
not  reacts  with  other  TM  molecules  (36).  The  membranes  were  probed  with  antibodies 
against  a-tubulin  or  p-actin  (Sigma)  as  load  controls. 
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Cell  adhesion  assays.  Twenty-four  well  culture  plates  (Costar)  were  coated  with  200pl 
of  ECM  components  (collagen-I,  collagen-IV,  laminin  or  fibronectin)  at  a  concentration 
of  50pg/ml  for  lhr  at  room  temperature  with  constant  shaking.  Poly-L-Lysine 
(100pg/ml)  was  used  for  determining  non-integrin  mediated  adhesion.  The  coated  wells 
were  washed  thrice  with  PBS  and  blocked  in  200pl  of  2%BSA  in  PBS  for  lhr  at  37°C. 
The  blocked  wells  were  washed  thrice  with  PBS.  Cell  adhesion  assay  was  performed  by 
plating  2xl05  cells  in  1.0ml  of  serum  containing  medium  for  30min  at  37°C  as  described 
by  Dickson’s  group  (42).  Briefly,  the  attached  cells  were  stained  with  200pl  of  crystal 
violet  solution  (0.05%  w/v  in  25%  methanol)  for  lOmin,  washed  thrice  by  immersion  in 
water  and  air-dried.  The  samples  were  solubilized  in  500pl  of  0.1M  sodium  citrate 
solution  and  50%  ethanol  (v/v)  for  5min  and  the  absorbance  was  read  at  540nm  using  a 
Bio-Rad  Smartspec  3000  spectrophotometer.  Photomicrographs  of  bound  cells  were 
captured  on  a  Zeiss  inverted  microscope  with  a  40X  objective. 

In  experiments  involving  the  use  of  inhibitors  or  antibodies,  cells  were  pretreated 
for  60  min  prior  to  the  adhesion  assay.  The  Rho  kinase  inhibitor,  Y-27632  (Yoshitomi 
Pharmaceuticals)  was  used  at  20pM,  (TS2/16  (Pierce)  at  6ug/ml  and  Latranculin  A 
(Sigma),  dissolved  in  ethanol,  at  0.5pM.  Cells  were  treated  with  etoposide  at  25  pM  for 
48h  to  determine  the  susceptibility  of  the  cells  to  apoptosis.  To  determine  the  specificity 
of  integrin  binding  to  a  particular  ECM,  inhibitory  integrin  antibodies  (Chemicon)  were 
used.  The  integrins  and  the  appropriate  blocking  or  stimulating  antibodies,  in  parenthesis, 
are  as  follows:  a2  (clone  P1E6),  pi  (clone  P4C10),  pi  stimulatory  (TS2/16)  for  collagen- 
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I  binding;  a6  (clone  NKI-GoH3)  and  p4  (clone  ASC-3)  for  laminin  at  a  concentration  of 


4pg/ml. 


Immunofluorescence  Experiments'.  Cells  were  plated  on  ECM  coated  chamber  slides 
(Nunc)  and  allowed  to  adhere  for  30min  at  37°C.  Cells  were  pretreated  with  20pM  of  Y- 
27632  compound  for  30min.,  as  needed.  After  30min  of  binding,  the  slides  were  gently 
rinsed  twice  with  PBS  to  remove  unattached  cells  and  fixed  using  3.7% 
paraformaldehyde  for  lOmin.  Cells  were  extracted  with  0.5%  TritonX-100  for  5min, 
followed  by  three  washes  with  PBS  before  blocking  and  hybridization  with  antibodies  as 
described  previously  (40).  The  samples  were  mounted  using  slow  fade  (Molecular 
Probes)  to  prevent  fading.  Images  of  the  stained  cells  were  captured  using  Zeiss  LSM 
510  confocal  microscopy  and  imported  into  Adobe  Photoshop  (version  6.0). 

Flow  cytometry:  To  determine  the  cell  surface  expression  of  integrins  sub-confluent  cell 
cultures  were  trypsinized,  neutralized  with  media  and  were  washed  with  PBS.  All 
incubations  were  performed  on  ice  to  prevent  internalization  of  the  antibody.  Cells  were 
blocked  in  PBS  containing  1%  BSA  for  lh,  incubated  with  integrin  antibody  (20pg/ml) 
for  another  hour.  The  cells  were  collected  by  centrifugation  (lOOOxg),  washed  twice  with 
PBS  containing  0.1%BSA  and  incubated  in  the  dark  with  fluorochrome  conjugated 
secondary  antibody  for  lh.  Finally,  the  unbound  secondary  antibody  was  removed  by 
washing  thrice  with  PBS  containing  0.1  %BSA  and  resuspended  at  a  concentration  of 
lxl06cells/ml.  The  stained  cells  were  immediately  analyzed  by  flow  cytometry  (BD 
FACS  Star  Plus). 
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Cell  death  assays:  Cells  (5x10s)  were  plated  on  poly-(2-hydroxyethyl  methacrylate) 
(Poly-HEMA)  (Sigma)  coated  dishes  (31)  in  serum  containing  media,  unless  otherwise 
indicated.  At  the  end  of  the  culture  (usually  6h  or  24h),  cells  were  collected  and  several 
assays  to  determine  apoptosis  were  performed.  The  DNA  content  of  subGO-Gl  phase  of 
cell  cycle  was  determined  using  propidium  iodide  staining  of  ethanol  fixed  cells  (31). 
Annexin  V  staining  (BioVision)  was  performed  according  to  manufacturer’s  instruction 
and  analyzed  by  flow  cytometry.  The  activation  of  caspases  was  monitored  by 
immunob lotting.  Cell  counts  were  also  taken  at  intervals  to  confirm  cell  death.  Nuclear 
morphology  of  cells  was  determined  by  cytospinning  0.5  -  1.0  x  104  cells  on  a  slide  and 
staining  with  DAPI  (Sigma)  at  a  concentration  of  lOng/ml  (31). 

For  visualizing  cytochrome-c  release,  a  published  protocol  (43)  was  used  with 
some  modifications.  Briefly,  cells  grown  in  suspension  for  defined  periods  of  time  were 
cytospun  onto  slides  and  fixed  with  3.7%  paraformaldehyde  for  lOmin.  After  3  washes 
with  PBS,  the  cells  were  permeabilized  with  0.05%  saponin  in  PBS  for  5min  followed  by 
ice  cold  acetone  for  lOmin.  After  three  washes  with  PBS,  the  slide  was  blocked  with 
1%BSA  in  PBS  for  30min,  incubated  for  90min  with  1 :50  dilution  of  anti-cytochrome-c 
(clone  6H2.B4)  in  block  solution  and  followed  by  1:50  dilution  of  Rhodamine  conjugated 
goat-anti  mouse  (Molecular  Probes)  in  block  solution  for  lh.  The  cells  were  then 
postfixed  for  lOmin  in  3.7%  paraformaldehyde  containing  O.lmg/ml  of  Hoechst  33342 
stain  (Molecular  Probes),  and  processed  as  described  for  immunofluorescence 
experiments. 

For  determining  the  effect  soluble  ECM  components  (collagen-I,  fibronectin, 
laminin  and  collagen-IV)  in  anoikis,  poly-HEMA  coated  plates  were  used.  5xl05cells/ml 
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was  incubated  with  or  without  ECM  at  a  concentration  of  20|ig/ml  for  24h.  Cells  were 
collected  and  the  anoikis  was  measured  by  flow  cytometry  (31). 
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Results: 


TM1  promotes  microfilament  re-organization  and  cell-spreading  in  breast  cancer  cells: 
TM1 -induced  anoikis  is  markedly  rapid  in  MDA  MB  231  cells  in  serum  free  media,  and 
we  have  used  this  cell  type  as  a  model  (31).  Since  TM1  is  a  microfilament-stabilizing 
protein  that  promotes  stress  fiber  assembly  (33,35,36),  we  have  first  examined  whether 
TM1  reorganizes  microfilaments  in  MDA  MB  231  cells.  Parental  MDA  MB  231  cells, 
which  lack  TM1  expression  (30,36,44)  are  spindle  shaped  cells  and  grow  as  dispersed 
cells  in  monolayer  cultures  while,  restoration  of  TM1  protein  levels  produces  marked 
changes  in  the  cellular  morphology.  The  cells  transduced  with  TM1  (MDA  MB 
231/TM1)  (Figure  1A)  appear  well-spread  and  grow  as  groups  of  cells,  features  that  are 
consistent  with  normal  epithelial  cell  growth  (Figure  IB).  Whereas  the  parental  cells  lack 
stress  fibers,  TM1  expression  reorganizes  cytoskeleton,  with  the  assembly  of  stress  fibers 
(Figure  1C).  Cells  transfected  with  empty  vector  (MDA  MB  23 1/V  cells)  resembled  the 
parental  cells  morphologically  (not  depicted),  and  behaved  similarly  in  the  following 
experiments  as  the  unmodified  MDA  MB  231  cells.  We  routinely  analyze  two 
independent  clones  of  MDA  MB  231/TM1  cells. 

TM1  induces  anoikis  in  breast  cancer  cells  in  normal  growth  media:  Previously  we  have 
shown  that  transduction  of  breast  cancer  cells  with  TM1  induces  anoikis  when  cultured  in 
serum  free-media  (31).  Since  both  growth  factor-  and  adhesion-derived  signaling 
pathways  are  necessary  for  normal  cell  survival,  and  malignant  cells  appear  to  primarily 
dependent  on  growth  factors  (serum)  for  survival  (7),  we  examined  whether  TM1- 
induced  anoikis  can  be  overcome  by  culturing  in  normal  growth  media.  The  cells  were 
cultured  in  serum  free  medium  (31)  or  in  presence  of  regular  growth  media  containing 
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10%  fetal  bovine  serum  on  poly  HEMA-coated  plates  for  6  and  24  h,  and  the  anoikis  was 
determined  by  measuring  the  DNA  content  in  the  subGo-Gi  phase  of  the  cell  cycle.  The 
survival  of  unmodified  MDA  MB  23 1  cells  in  suspension  cultures  is  not  affected  by  the 
presence  or  the  absence  of  serum,  as  indicated  by  the  background  levels  of  DNA  in  the 
subGo-Gi  phase  of  cell  cycle  (Table  1).  TM1  expression,  however,  induced  significant 
anoikis  by  6h  in  serum  free  as  well  as  in  normal  growth  conditions,  and  massive 
apoptosis  was  detected  by  24h,  and  therefore  all  the  subsequent  experiments  were 
performed  in  regular  growth  medium. 

TM1 -induced  anoikis  was  further  confirmed  by  fragmented  nuclear  morphology 
(Figure  2A  and  B),  increased  annexin  V  staining  (Figure  2C)  and  PARP  cleavage  (Figure 
2D).  These  data  suggest  that  TM1  renders  breast  cancer  cells  dependent  on  adhesion- 
derived  survival  signals,  and  growth  factors  (serum)  fail  to  abrogate  TM1 -induced 
anoikis.  To  test  that  the  apoptotic  machinery  is  not  defective  and  remains  functional, 
MDA  MB  231/TM1  cells  were  treated  with  etoposide  to  induce  cell  death.  As  shown  in 
Figure  2D  (lanes  marked  ET),  treatment  of  both  parental  and  TM1 -expressing  cells 
resulted  in  apoptosis,  as  measured  by  the  cleavage  of  PARP. 

TM1 -induced  anoikis  is  mediated  by  the  intrinsic  death  pathway;  Anoikis  is  known  to  be 
mediated  through  the  extrinsic  (death  receptor-mediated)  and  the  intrinsic 
(mitochondrial)  pathways  of  cell  death  (45,46).  To  investigate  the  mechanism  of  TM1- 
induced  anoikis,  we  have  determined  the  activities  of  the  caspases  that  mediate  cell  death 
pathways.  As  shown  in  Figure  3A,  cell  detachment  triggers  the  activation  of  caspases  3 
and  7  in  MDA  MB  231/TM1  cells  by  6h  of  suspension  culture,  whereas  the  adherent  cells 
do  not  contain  the  active  caspases.  The  unmodified  MDA  MB  231  cells  lack  caspase 
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activation  in  monolayer  or  in  suspension,  which  is  in  agreement  with  their  resistance  to 
anoikis.  Treatment  of  the  parental  and  MDA  MB  231/TM1  cells  with  etoposide 
however,  activated  the  caspases  leading  to  apoptosis  of  the  adherent  cells.  Further,  we 
find  that  the  mitochondrial  integrity  of  MDA  MB  231/TM1  cells  cultured  in  suspension 
is  breached,  as  evident  from  the  loss  of  staining  and  the  release  of  cytochrome  C  into  the 
cytoplasm  (Figure  3B,  bottom  panels).  Consistent  with  the  role  of  caspases  in  anoikis, 
inhibition  of  caspases  with  a  broad  specificity  inhibitor  rescued  MDA  MB.231/TM1  cells 
from  anoikis  (Figures  3C  and  3D).  Collectively,  these  data  suggest  that  TMl-induces 
anoikis  through  the  intrinsic  death  pathways. 

TM1  modulates  the  expression  and  the  activities  of  integrins  in  breast  cancer  cells: 
Deprivation  of  integrin-derived  survival  signals  are  believed  to  trigger  anoikis  (reviewed 
in  (6,47)).  Consistently,  modulation  of  the  expression  and  the  activities  of  integrins  have 
been  known  to  alter  the  susceptibility  of  cells  to  anoikis  (17-19).  To  investigate  whether 
TM1 -induced  anoikis  is  mediated  through  modulation  of  integrin  expression/activity,  we 
first  determined  the  adhesion  of  MDA  MB  231/TM1  cells  to  the  ECM  components. 

MDA  MB  23 1  cells  and  the  vector  control  cells  bound  to  collagen  very  efficiently 
(Figure  4A).  The  binding  of  MDA  MB  231/TM1  cells  to  collagen,  however,  was 
significantly  suppressed  (50-70%).  In  contrast,  the  cell  adhesion  to  laminin  was 
markedly  (about  3  fold)  enhanced  by  TM1  expression,  whereas  binding  to  fibronectin 
was  modestly  enhanced.  Non-integrin  mediated  binding,  as  measured  by  adhesion  to 
poly  L-lysine-coated  surfaces  was  comparable  in  all  the  cell  lines.  Further,  we  examined 
whether  TM1 -mediated  inhibition  of  adhesion  to  collagen  I  was  specific  by  testing 
binding  to  collagen  I  and  collagen  IV.  Adhesion  of  MDA  MB  231/TM1  cells  to  collagen 
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I  was  inhibited,  whereas  the  parental  and  TM1 -transduced  cells  bound  equally  well  to 
collagen  IV  (Figure  4B). 

We  next  investigated  whether  the  differential  binding  properties  of  MDA  MB 
23 1/TM1  cells  results  in  distinct  organization  of  microfilaments.  As  shown  in  Figures  4C 
and  4D,  parental  MDA  MB  231  cells  spread  well  on  collagen  I  and  laminin,  form 
lamellipodia  and  stain  intensely  for  cortical  F-actin.  MDA  MB  231/TM1  cells,  upon 
attachment  to  ECM,  form  stress  fibers,  indicating  that  TM1  primarily  promotes  the 
formation  of  stress  fibers  even  under  conditions  of  poor  cell  adhesion  as  observed  on 
collagen  I.  These  data  indicate  that  TM1  expression  modulates  cell  adhesion  to  the  ECM 
components,  possibly  through  regulating  the  expression  and  activity  of  integrins. 

Cell  adhesion  to  ECM  is  mediated  through  the  heterodimeric  transmembrane 
integrin  receptors.  Since  TM1  modulates  adhesion  to  collagen  I  and  laminin,  we 
investigated  whether  the  expression  of  collagen-  and  laminin-binding  integrins  is  altered. 
The  (X2P1  integrin  is  a  major  collagen  receptor  (48)  and  is  prominently  expressed  in 
MDA  MB  231  cells  (42).  Flow  cytometric  analysis  showed  that  both  ct2and  Pi  subunits 
are  present  on  MDA  MB  231  cells.  The  cell  surface  expression  of  Pi  integrin  in  MDA 
MB  23 1/TM1  was  comparable  to  that  obtained  with  the  parental  cells,  whereas  the  levels 
of  (X2  integrin  were  markedly  downregulated,  indicating  that  the  downregulation  of  012 
integrin  correlated  with  the  reduced  adhesion  of  these  cells  to  collagen  I  (Figure  5A).  In 
agreement  with  flow  cytometry  data,  immunoblotting  shows  that  the  0C2  integrin  was 
downregulated  in  TM1 -transduced  cell  lines  (Figure  5B).  However,  immunoblotting  also 
shows  that  the  total  expression  of  Pi  integrin  was  also  significantly  suppressed 
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suggesting  that  the  lower  amounts  of  this  integrin  may  be  efficiently  localized  to  the  cell 
surface. 

Preincubation  with  blocking  antibodies  against  ci2  or  Pi  integrin  chains 
significantly  inhibited  the  binding  of  MDA  MB  231  cells,  as  expected  (Figure  5C).  The 
binding  of  one  of  the  MDA  MB  231/TM1  cells  which  showed  a  50%  reduction  in 
binding  to  collagen  (compared  to  the  parental  cells)  was  further  reduced  by  the  blocking 
antibodies.  The  attachment  of  the  second  cell  line,  which  binds  to  collagen  I  very  poorly, 
however  was  not  further  inhibited  by  the  blocking  antibodies. 

We  have  also  determined  the  effect  of  the  blocking  antibodies  on  binding  the  cells 
to  polyL  lysine  as  a  negative  control,  and  found  that  the  inhibitory  antibodies  did  not  alter 
the  binding  of  the  cells  to  polyL  lysine-coated  dishes.  Further,  activation  of  integrins 
with  the  stimulatory  antibody  (TS2/16)  enhanced  binding  of  MDA  MB  231  cells  to 
collagen  by  about  40%,  but  did  not  rescue  the  diminished  binding  of  MDA  MB  23 1/TM1 
cells  to  collagen  I  (data  not  shown).  Together,  these  results  indicate  that  TM1  expression 
induces  a  strong  down  regulation  of  coll  receptor  CX2P1  that  results  in  a  low  binding  to 
collagen. 

Since  MDA  MB  23 1/TM1  cells  bind  to  laminin  more  efficiently  than  the  parental 
cells  but  have  a  down  regulation  of  pi  integrin  expression  we  examined  the  expression 
level  of  oi6p4  integrin,  one  of  the  major  laminin  receptors.  MDA  MB  231  cells  express 
readily  detectable  amounts  of  ot6and  P4  chains  (Figure  6A).  Surprisingly,  in  MDA  MB 
231/TM1  cells  the  expression  of  ot6  and  p4  integrins  is  lower.  This  suggests  that  either  the 
residual  ae,  and  P4  integrins  effectively  mediate  binding  to  laminin  or  other  integrins  may 
mediate  adhesion  of  MDA  MB  231/TM1  cells  to  laminin. 
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To  distinguish  between  these  possibilities,  we  have  pre-incubated  the  cells  with 
function-blocking  antibodies  and  tested  for  adhesion  to  laminin.  The  poor  binding  of 
MDA  MB  231  cells  to  laminin,  was  not  further  inhibited  by  the  inhibitory  antibodies 
against  ot6  and  P4  integrins  (Figure  6B).  However,  the  blocking  antibodies  against  ot6  and 
P4  integrins  reduced  binding  of  MDA  MB  231/TM1  cells  to  laminin  by  50%,  indicating 
that  the  low  levels  of  the  a6p4  integrin  is  highly  active  in  mediating  adhesion  to  laminin 
and  indicating  a  possible  involvement  of  other  laminin-binding  integrins  in  this  event. 

Because  of  the  downregulation  of  a.i-3,6  integrins  in  MDA  MB  231/TM1  cells 
(Figure  5;  and  data  not  shown),  it  is  likely  that  MDA  MB  231/TM1  cells  may  utilize 
other  integrins  (e.g.,  0C9PI  integrin  (49))  as  a  laminin  receptor.  Such  studies  are  in 
progress. 

Role  of  TM1 -induced  cvtoskeleton  in  adhesion  to  ECM:  MDA  MB  23 1  cells  lack  stress 
fibers  (Figure  1C),  whereas  the  re-expression  of  TM1  promotes  the  formation  of  stress 
fibers  on  collagen  and  laminin  (Figure  4D).  We  wished  to  determine  the  role  of  TM1- 
induced  cytoskeleton  in  modulating  binding  to  ECM. 

The  parental  and  MDA  MB  231/TM1  cells  were  treated  with  Y-27632,  a  specific 
and  widely  employed  inhibitor  of  Rho  kinase  (50)  which  mediates  RhoA-driven  stress 
fiber  formation  and  the  assembly  of  focal  adhesions  (51,52).  Pretreatment  of  MDA  MB 
23 1  cells  with  the  Rho  kinase  inhibitor  significantly  enhanced  the  binding  of  parental  and 
vector  control  MDA  MB  23 1  cells  to  collagen  I  (Figure  7A).  The  inhibition  of  Rho 
kinase  enhanced  cell  spreading,  formation  of  lamellipodia  and  actin  polymerization 
(Figure  7B,  left  panel).  In  contrast,  pharmacological  inhibition  of  Rho  kinase  further 
decreased  the  binding  of  MDA  MB  231/TM1  cells  to  collagen  I  (Figure  7A),  severely 
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disrupted  the  microfilament  organization  and  resulted  in  the  formation  of  patches  of  F- 
actin  (Figure  7A,  right  panel).  Thus,  malignant  breast  cancer  cells  appear  to  bind  more 
efficiently  and  undergo  cytoskeletal  rearrangements  on  collagen  when  Rho  kinase  is 
inhibited,  whereas  the  cells  transduced  with  TM1  are  dependent  on  Rho  kinase  activity 
for  maximal  binding  to  the  ECM  and  stress  fiber  formation.  Inhibition  of  Rho  kinase 
during  adhesion  to  laminin  also  produced  a  decreased  binding  in  MDA  MB  231/TM1 
cells,  although  to  a  lesser  extent,  and  in  disruption  of  microfilaments  (data  not  shown). 
Together,  these  results  show  that  cells  expressing  TM1  are  dependent  on  Rho  kinase 
signaling  for  stress  fiber  assembly  and  adhesion  to  ECM. 

Cytoskeletal  disruption  rescues  breast  cancer  cells  from  TM1 -induced  anoikis:  The 
altered  cytoskeleton  in  tumor  cell  contributes  to  several  cellular  functions,  and  may  also 
promote  resistance  to  anoikis.  One  of  the  most  prominent  consequences  of  restoration  of 
TM1  in  malignant  cells  is  the  reorganization  of  actin  microfilaments.  While  detachment 
of  cells  from  the  substratum  results  in  the  disorganization  of  prominent  cytoskeletal 
structures  such  as  stress  fibers,  it  is  likely  that  the  residual  cytoskeleton  may  be  effective 
in  inducing  anoikis.  To  investigate  the  importance  of  TM1 -induced  cytoskeleton  in  re¬ 
sensitizing  breast  cancer  cells  to  anoikis,  we  tested  whether  disruption  of  actin 
cytoskeleton  would  rescue  cells  from  anoikis. 

We  have  utilized  Y-27632  and  latrunculin  A  (LatA)  to  disrupt  cytoskeleton  and 
tested  whether  MDA  MB  231/TM1  cells  can  be  rescued  from  anoikis.  Addition  of  either 
of  the  drugs  resulted  in  a  near  50%  decrease  in  the  DNA  content  in  the  subGo-G]  fraction 
of  cell  cycle,  suggesting  a  role  for  cytoskeleton  in  sensitizing  tumor  cells  to  anoikis 
(Figure  8).  The  presence  of  drugs  did  not  influence  the  anoikis  resistance  of  parental 
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breast  cancer  cells,  and  the  cells  remained  resistant  to  anoikis.  These  results  suggest  that 
TM1 -induced  cytoskeletal  changes  are  involved  in  inducing  anoikis  in  breast  cancer  cells. 
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Discussion: 


Resistance  to  anoikis  is  an  important  mechanism  acquired  early  on  during 
neoplastic  transformation  that  facilitates  the  survival  of  tumor  cells  in  the  absence  of 
normal  adhesion-dependent  signaling.  Therefore,  mechanisms  that  trigger  anoikis  in 
tumor  cells  are  of  potential  interest  in  designing  anti-tumor  therapies.  Key  findings  of 
this  study  are  that  1)  TM1  promotes  stress  fiber  assembly  in  breast  carcinoma  cells,  and 
TM1 -induced  cytoskeletal  reorganization  modulates  the  activities  of  integrins  and  2)  re¬ 
sensitizes  the  tumor  cells  to  anoikis.  Thus,  this  work  demonstrates  the  important  role  of 
microfilament-associated  proteins  and  actin  cytoskeletal  organization  in  controlling  the 
sensitivity  to  anoikis. 

The  sensitivity  to  anoikis  is  modulated  through  inhibition  of  intracellular 
signaling  pathways  controlled  by  extracellular  signal  regulated  kinase  (ERK)  or  Protein 
kinase  B/AKT  signaling,  and  modulation  of  the  activities  of  integrins.  Resensitization  of 
tumor  cells  to  anoikis  has  been  shown  to  occur  via  death  receptor  mediated  extrinsic 
pathways  of  apoptosis  (47,53,54).  However,  anoikis  of  mammary  epithelial  cells 
progresses  through  the  intrinsic  pathways  of  apoptosis  through  cytochrome  C  release 
from  mitochondria  (46).  TM1 -mediated  anoikis  is  also  dependent  on  caspase  activation 
and  occurs  through  the  intrinsic  pathways  of  cell  death. 

Based  on  these  biochemical  functions  of  TMs,  we  propose  that  TM1  exerts  its 
anti-oncogenic  effects  through  reorganization  of  cytoskeleton  (Figure  9).  According  to 
this  model,  TM1  promotes  stress  fibers  assembly  and  the  reorganization  of  cytoskeleton 
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modulates  intracellular  signaling  pathways  leading  to  altered  cell-ECM  interactions  and 
consequently  adhesion-dependency  is  restored  for  cell  survival. 

Role  of  cytoskeleton  in  TM1 -induced  anoikis:  It  is  intriguing  that  a  structural  protein,  like 
TM1,  with  no  known  catalytic  activity,  exerts  a  profound  effect  on  cell  growth.  Although 
some  studies  indicate  that  TMs  binds  to  other  non-cytoskeletal  regulatory  proteins  (55),  it 
is  unclear  that  such  interactions  are  important  for  TM1  functions.  Therefore,  the 
antioncogenic  functions  of  TM1  and  other  cytoskeletal  proteins  may  be  dependent  on 
their  cytoskeletal  effects.  Further,  TM  isoforms(31,34)  or  variants  of  TM1  (40)  that  fail 
to  induce  cytoskeletal  changes  do  not  function  as  suppressors  of  neoplastic  growth. 
TM1,  in  conjunction  with  caldesmon,  primarily  stabilizes  actin  microfilaments  against 
the  action  of  gel  severing  proteins  such  as  gelsolin  and  cofilin.  Second,  TMs  regulate 
actin-myosin  interactions,  inhibit  acto-myosin  ATPase  activity  and  modulate  cellular 
contractility.  It  has  been  suggested  that  the  downregulation  of  cytoskeletal  proteins  in 
neoplastic  transformation  may  promote  cellular  contractility  and  destabilize  focal 
adhesions,  whereas  inhibition  of  cellular  contractility  in  ras-transformed  cells  results  in  a 
partial  revertant  phenotype. 

Whereas  it  is  well  established  that  reorganization  of  actin  cytoskeleton  occurs 
upon  activation  of  adhesion-dependent  signaling  (8),  it  is  not  well  understood  if  the 
cytoskeletal  changes  are  important  in  resistance  to  anoikis.  Rac  and  Cdc42  which 
primarily  control  the  assembly  of  lamellipodia  and  filopdia,  respectively,  are  reported  to 
confer  resistance  to  anoikis  (56,57).  It  remains  to  be  determined  whether  RhoA,  which  in 
normal  cells  controls  the  assembly  of  stress  fibers  and  focal  adhesions,  has  any  role  in 
anoikis.  However,  in  malignant  cells  RhoA  has  been  suggested  to  be  uncoupled  from  its 
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downstream  effectors  which  may  explain  the  lack  of  stress  fibers  in  transformed  cells 
(58-60).  Data  presented  here  (Figures  7  and  8)  and  elsewhere  (37)  demonstrate  that 
TM1 -induced  cytoskeletal  changes  are  mediated  through  Rho-kinase  regulated  pathways, 
and  that  Rho  kinase  signaling  may  be  important  in  TM1 -induced  anoikis. 

We  have  hypothesized  that  the  cytoskeletal  reorganization  by  TM1  as  the  key  to 
induction  of  anoikis  (Figure  9).  The  cytoskeletal  disrupting  drugs,  such  as  LatA,  induce 
apoptosis  in  normal  MCF10A  cells  (29).  In  our  hands  treatment  of  MDA  MB  231/TM1 
cells  with  a  much  reduced  amounts  of  Lat  A  (0.5pM)  disrupted  the  cytoskeletal 
organization,  abolished  binding  to  collagen  I  in  adherent  cells.  However,  disruption  of 
cytoskeleton  with  LatA  in  suspension  rescues  cells  from  anoikis,  further  underscoring  the 
role  of  actin  cytoskeleton  in  cell  survival. 

Although  adhesion-deprived  cells  lack  extensive  cytoskeletal  structures  like  stress 
fibers,  they  may  contain  residual  cytoskeleton.  Both  LatA  and  the  Y  compound  rescue 
breast  cancer  cells  from  TMl-induced  anoikis.  Thus,  TM1  may  induce  anoikis  through 
cytoskeletal  changes  controlled  by  Rho  kinase.  Recent  work  from  this  laboratory  shows 
that  TM1  may  inhibit  the  activity  and  limit  the  access  of  cofilin  to  actin  cytoskeleton  and 
thus  protect  the  cytoskeleton  in  a  Rho  kinase  dependent  fashion  (40).  Thus,  the  ability  of 
TM1  to  promote  cytoskeleton  is  critical  for  its  effects. 

Role  of  integrins  in  TMl-induced  anoikis:  Integrins  and  microfilaments  have  been 
proposed  to  engage  in  bidirectional  signaling  and  regulate  survival,  cell  growth  and 
differentiation  (61).  While  it  is  well  established  that  integrin  activation  reorganizes 
microfilaments  (reviewed  in  (8)),  the  present  work  shows  that  integrin  activity  can  be 
modulated  by  changes  in  cytoskeletal  organization.  Other  key  cytoskeletal  proteins,  such 
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as  vinculin  and  talin,  interact  with  F-actin  and  the  cytoplasmic  tails  of  integrins  at  the 
focal  adhesions,  and  thus  regulate  integrin  activity,  cytoskeletal  reorganization  and 
signaling  pathways  (62,63).  However,  TMs  bind  to  F-actin  but  are  not  known  to 
associate  with  focal  adhesions.  Therefore,  we  suggest  that  TM1 -induced  cytoskeletal 
changes  may  regulate  intracellular  signaling,  integrin  expression  and  activity,  and  cell 
survival  (Figure  9). 

Neoplastic  cells  exhibit  altered  integrin  expression  and  activation  which  may 
result  in  the  constitutive  activation  of  cell  survival  pathways  independent  of  ECM- 
mediated  integrin  activation.  TM1  induces  anoikis  in  both  serum  free  (31)  and  serum 
containing  media  (Table  1),  indicating  that  TM1  restores  the  requirement  of  adhesion- 
dependent  signaling  through  modulation  of  the  activity  and/or  expression  of  integrins. 
Such  a  mechanism  is  consistent  with  the  previous  observations  which  suggest  that 
integrins  as  key  modulators  of  anoikis  (17-19).  Investigation  into  the  role  of  integrins 
revealed  that  TM1  expression  inhibits  the  activity  of  collagen  I-binding  integrins  and 
upregulation  of  the  activity  of  laminin  receptors.  The  downregulation  of  (X2P1  integrin,  a 
major  collagen  receptor,  may  result  in  the  poor  binding  to  collagen  I.  We  find  that  TM1 
expression  profoundly  downregulates  the  expression  of  a.2  integrin.  Conversely,  the 
expression  of  a.2  integrin  is  enhanced  in  Raf-induced  resistance  to  anoikis  of  mammary 
epithelial  cells  (64).  Further,  Src-induced  cell  adhesion  of  breast  cancer  is  reported  to  be 
mediated  through  a.2  integrin  (65).  While  we  did  not  find  significant  changes  in  the 
surface  expression  of  Pi  integrin,  the  total  expression  of  this  integrin  is  markedly  reduced 
in  TM1 -transduced  cells  (Figure  5B),  suggesting  that  the  reduced  Pi  integrin  may  be 
efficiently  localized  to  cell  surface  and  may  associate  with  a  different  a  integrin. 
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Consistent  with  the  downregulation  of  a2>  addition  of  Pi  activating  antibodies  (TS2/16) 
did  not  enhance  binding  to  collagen  or  enhance  survival  of  MDA  MB  231/TM1  cells 
(data  not  shown).  At  present  it  is  unclear  whether  downregulation  of  a2pi  integrin 
contributes  to  TMl-induced  anoikis.  Although  enhanced  expression  of  this  integrin  is 
observed  in  anoikis  resistance  (64)  and  shown  to  be  critical  in  mammary  carcinogenesis 
(66),  the  expression  of  this  integrin  is  downregulated  in  many  breast  tumors  (67).  While 
downregulation  of  a2Pi  integrin  in  TM1 -transduced  cells  explains  the  decreased  binding 
to  collagen  I,  its  significance  in  TMl-induced  anoikis  and  the  contribution  of  the  altered 
expression  and  activity  of  this  integrin  may  require  further  study. 

Notwithstanding  the  increased  binding  to  laminin,  MDA  MB  231/TM1  cells, 
these  cells  contained  significantly  reduced  amounts  of  the  laminin  binding  a6p4  integrin. 
The  ot6p4  integrin  has  been  shown  to  be  an  important  determinant  in  regulating  tumor  cell 
survival  and  motility  (reviewed  in  (68,69)).  Currently,  work  is  in  progress  to  determine 
whether  other  integrins  (e.g.,  0C9PI)  promote  TMl-mediated  enhancement  of  binding  to 
laminin.  At  present  we  can  not  exclude  the  participation  of  other  integrins  in  TMl- 
induced  anoikis.  For  example,  TM1  transduced  cells,  like  the  parental  MDA  MB  231 
cells,  express  readily  detectable  amounts  of  CX3  and  Ps  integrins  (data  not  shown)  which 
may  regulate  anoikis.  While  we  find  specific  changes  in  the  integrin  profile  and  activity 
following  TM1  expression,  the  association  of  TMl-induced  cytoskeleton  with  integrins 
may  be  critical  to  adhesion-dependent  signaling.  The  interactions  between  TMl-induced 
cytoskeleton  and  the  focal  adhesion  molecules  may  control  cell  survival  in  adhesion- 
dependent  fashion. 
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A  key  question  that  remains  to  be  addressed  in  this  model  (Figure  9)  is  how  does 
the  cytoskeleton  regulate  the  expression  and  the  activities  of  integrins?  The  cytoskeleton 
may  anchor  the  key  signaling  enzymes  or  their  substrates  (70-72),  regulate  the  subcellular 
distribution  of  the  enzymes  or  the  polymerization  status  of  actin  itself  may  act  as  a 
regulator  of  gene  expression  (70,71,73-75).  Elucidation  of  the  mechanisms  of  that  drive 
the  changes  in  gene  expression  following  the  expression  of  TM1  in  breast  cancer  cells  are 
under  investigation. 

In  summary,  we  report  that  restoration  of  TM1  expression  promotes  stress  fiber 
assembly,  alters  integrin  expression  and  activity  and  induces  anoikis  through  intrinsic 
pathways  of  apoptosis. 
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Figure  Legends: 

Figure  1.  Restoration  ofTMl  expression  alters  cellular  morphology  and  promotes  stress 
fiber  assembly.  (A).  MDA  MB  231  cells  were  retrovrially  transduced  with  TM1  and  the 
isolated  cell  lines  were  tested  for  TM1  expression  using  a  TM1 -specific  antibody.  The 
parental  cells  are  negative  for  TM1  expression  whereas  two  independent  clones  are 
positive.  The  blot  was  probed  with  tubulin  antibody  for  load  controls.  (B).  Light 
microscopic  examination  (20x  magnification  shown)  reveals  that  the  parental  cells 
display  spindle  shaped  morphology,  while  MDA  MB  231/TM1  cells  grow  as  tight 
clusters  with  increased  cell  spreading.  (C).  TM1  expression  results  in  the  reorganization 
of  microfilaments  and  promotes  stress  fiber  assembly  as  determined  by  immunostaining 
with  TM  polyclonal  antibody  (green)  and  Texas-Red  conjugated  phalloidin  followed  by 
confocal  microscopy.  MDA  MB  23 1  cells  lack  stress  fibers. 

Figure  2.  TM1  induces  detachment  induced  apoptosis  in  MDA  MB  231  cells:  (A).  MDA 
MB  231/TM1  cells  transduced  with  TM1,  cultured  in  suspension  in  regular  growth 
medium  for  24h,  cytospun  and  stained  with  DAPI.  Bright  field  images  of  the  same  field 
are  also  shown.  In  contrast  to  the  parental  cells,  TM1 -transduced  cells  contain 
fragmented  nuclear  DNA.  The  percentage  of  cells  undergoing  apoptosis  (mean  ±  s.d.)  is 
depicted  in  (B).  The  MDA  MB  231/TM1  cells  (two  cell  lines)  undergo  apoptosis  in 
suspension  cultures  (sus),  while  the  adherent  (adh)  cultures  undergo  background 
apoptosis.  TM1 -induced  anoikis  is  detectable  by  6h  of  suspension  culture  (data  not 
shown)  and  a  majority  of  the  cells  are  apoptotic  by  24h.  (C).  The  adherent  and 

suspension  cultures  were  stained  with  annexin  V,  a  marker  of  apoptosis,  and  the  relative 


31 


fluorescent  intensities  (mean  ±  s.d.)  are  shown.  MDA  MB  231/TM1  cells  in  suspension 


culture  for  24h  showed  significantly  higher  annexin  staining,  indicating  cell  death.  (D). 
Cell  lysates  from  MDA  MB  231  and  TM1 -transduced  cells  cultured  as  monolayers 
(indicated  as  0),  or  in  suspension  for  6h  or  24h  (lanes  shown  as  6  and  24)  were  analyzed 
for  PARP  cleavage.  The  monolayer  cells  were  treated  with  etoposide  (lanes  marked  ET) 
and  tested  for  PARP  cleavage.  The  drug  treated  samples  and  MDA  MB  23 1/TM1  cells  in 
suspension  contain  significantly  higher  amounts  of  cleaved  PARP  compared  to  MDA 
MB  23 1  cells  in  suspension. 

Figure  3.  TMl-induced  anoikis  is  caspase  dependent  and  progresses  through  the  intrinsic 
pathway  of  apoptosis :  (A).  TMl-induced  anoikis  is  mediated  through  the  activation  of 
caspases  3  and  7.  Immunoblotting  of  cell  lysates  from  untreated  adherent  (0),  etoposide 
(ET)-treated,  or  suspension  culture  (6  and  24h)  of  MDA  MB  231,  vector  control  (MDA 
MB  23 1/V)  and  two  cell  lines  of  MDA  MB  231/TM1  cells  were  probed  with  antibodies 
against  caspase  3  and  7.  The  presence  of  cleaved  products  indicates  the  activation  of 
respective  caspases.  (B).  Immunofluorescence  images  of  cells  stained  with  cytochrome 
C.  Suspension  cultures  (6  and  24h)  were  detergent  extracted  and  stained  with  antibodies 
against  cytochrome  C  and  the  images  were  recorded  by  confocal  microscopy.  (C).  MDA 
MB  231/TM1  cells  were  either  untreated  (control),  or  treated  with  DMSO  or  ZVAD  for 
24h  in  suspension  cultures  along  with  untreated  MDA  MB  23 1  cells.  The  cell  lysates 
were  analyzed  for  activation  of  caspases  3  and  7  by  immunoblotting.  (D).  Anoikis  by 
control  (open  bars)  and  ZVAD-treated  (filled  bars)  cells  was  tested  by  measuring  the 
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V 


fraction  of  DNA  in  subGo-Gi  portion  of  cell  cycle  and  the  mean  +  s.d.  were  plotted. 
Addition  of  ZVAD  blocks  TM1 -induced  anoikis. 

Figure  4.  TM1  modulates  integrin  activity  and  alters  interactions  with  ECM :  (A). 

Parental,  vector  control  and  TM1 -transduced  MDA  MB  231  cells  were  plated  on  collagen 
I  (col  I),  fibronectin  (FN),  laminin  (Lam)  or  poly  L  lysine  (poly  L)-coated  dishes  in 
triplicate  for  30  minutes  and  the  cell  adhesion  was  measured  by  crystal  violet  staining 
(42).  The  binding  of  MDA  MB  23 1  cells  to  each  ECM  component  (or  poly  L  lysine)  was 
taken  as  100%.  The  error  bars  represent  standard  deviation  (n=3).  (B).  TM1  expression 
inhibits  cell  adhesion  to  collagen  I,  but  not  collagen  IV.  The  cell  lines  were  plated  on 
ECM  components  as  indicated  in  the  inset.  (C).  Light  microscopic  images  of  cells  plated 
on  ECM  components  for  30  minutes  and  stained  with  crystal  violet  (40x)  magnification. 
(D).  The  indicated  cells  were  plated  on  collagen  I  (top  panels)  and  laminin  (bottom 
panels)  for  30  minutes  and  stained  with  phalloidin.  Confocal  microscopic  images  are 
shown. 

Figure  5.  Downregulation  of  integrins  in  TM1  -transduced  breast  carcinoma  cells:  (A). 
The  cell  surface  expression  of  «2pi  was  determined  by  flow  cytometry  as  described  in 
Methods.  (B).  Total  cellular  expression  of  ct2and  pi  was  determined  by  immunoblotting 
from  2%  SDS  solubilized  actively  growing  cultures.  (C).  The  binding  of  MDA  MB  231 
and  MDA  MB  231/TM1  cells  to  collagen  I  was  tested  in  cell  adhesion  assay  (n=3)  using 
the  inhibitory  antibodies  against  012  and  Pi  integrins.  The  binding  of  MDA  MB  231  cells 
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in  the  absence  of  the  inhibitory  antibodies  is  taken  as  100%.  The  mean  and  standard 
deviation  are  plotted. 

Figure  6.  TM1  expression  inhibits  a^f4  integrin  activity.  (A).  The  expression  of  a.6p4 
integrin  was  determined  by  flow  cytometry  and  the  relative  fluorescent  intensities 
obtained  with  each  cell  line  is  depicted.  (B).  The  binding  of  MDA  MB  231  and  MDA 
MB  231/TM1  cells  to  laminin  was  tested  in  cell  adhesion  assay  (n=3)  using  the  inhibitory 
antibodies  against  a 6  and  P4  integrin  chains.  The  binding  of  MDA  MB  23 1  cells  in  the 
absence  of  the  inhibitory  antibodies  is  taken  as  100%,  and  the  mean  and  standard 
deviation  are  plotted. 

Figure  7.  Attachment  of  TM1  -expressing  cells,  but  not  the  parental  MDA  MB  231  cells, 
to  collagen  requires  Rho  kinase  signaling:  (A).  Cell  adhesion  (30  minutes)  of  indicated 
cell  lines  in  presence  or  absence  of  Y27632.  The  binding  of  untreated  MDA  MB  231 
cells  is  taken  as  100%.  (B).  Cytoskeletal  reorganization  in  presence  of  the  Rho  kinase 
inhibitor  during  cell  adhesion.  Confocal  microscopic  images  of  phalloidin  stained  cells 
are  shown. 

Figure  8.  Rho  kinase  and  cytoskeletal  integrity  are  required  for  TMl-induced  anoikis : 
Cells  were  cultured  in  suspension  for  24h  in  the  presence  of  Y27632,  latrunculin  A  or 
untreated  (control),  and  the  anoikis  was  assayed  by  measuring  the  DNA  content  of 
subGO-Gl  fraction  of  cell  cycle  by  flow  cytometry.  Relative  anoikis  for  each  cell  line 
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was  calculated  using  the  control  value  of  100%.  Mean  and  standard  deviation  from  3 
independent  experiments  is  depicted. 

Figure  9.  Hypothetical  events  in  TMl-induced  anoikis :  Most  tumor  cells  contain  aberrant 
cytoskeleton,  constitutively  active  integrins  and  deregulated  intracellular  signaling 
resulting  in  an  anoikis  resistant  phenotype  (depicted  with  gray  arrows).  We  propose  that 
TM1  expression  results  in  the  reorganization  of  cytoskeleton  with  the  assembly  of  stress 
fibers,  leading  to  altered  intracellular  signaling  pathways  and  integrin  expression  and 
activation.  Thus  the  adhesion  dependency  on  survival  pathways  is  restored  and  the  tumor 
cells  are  re-sensitized  to  anoikis  (depicted  with  solid  arrows). 
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Table-I:  Effect  of  serum  on  TMl-induced  anoikis 


Cell  Line 

6  hours  in  suspension 

24  hours  in  suspension 

No  serum 

1%  Serum 

10%  Serum 

No  Serum 

1%  Serum 

10%  Serum 

MDA- 

MB231 

0.99+0.12 

3.49+0.48 

2.05+0.71 

3.39+0.82 

2.85+0.12 

5.48+2.32 

MDA- 

MB231/TM1 

17.07+2.98 

10.29+1.51 

14.69+7.37 

81.65+4.52 

56.74+7.96 

55.89+5.28 

MDA- 

MB231/TM1 

30,21+6.25 

9.49+1.52 

14.46+2.90 

77.87+9.13 

60.87+6.72 

57.87+1.53 

Cells  were  cultured  for  indicated  times  and  the  anoikis  was  determined  by  quantifying 
DNA  in  the  subGo-Gi  fraction  of  cell  cycle. 
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Morphology  of  cells 
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D.  Inhibition  of  caspases  rescues 
TM1 -induced  anoikis 
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Abstract: 


* 


The  presence  of  aberrant  cytoskeleton,  arising  from  the  downregulation  of  key 
cytoskeletal  proteins  such  as  tropomyosins  (TMs),  is  a  prominent  feature  of  many 
malignant  cells  and  is  suggested  to  promote  neoplastic  growth.  While  our  previous  work 
demonstrated  that  tropomyosin- 1  (TM1)  promotes  stress  fiber  assembly  and  suppresses 
malignant  growth,  the  molecular  basis  of  the  anti-oncogenic  effects  of  TM1  has  not  been 
determined.  By  employing  chimeric  TMs,  here  we  demonstrate  that  the  amino  terminal 
portion  of  TM1,  but  not  the  carboxy  terminal  portion  which  contains  the  alternatively 
spliced  exon-coded  sequences,  is  essential  for  stress  fiber  assembly  and  suppression  of 
malignant  growth.  These  studies  also  indicate  that  the  amino  and  carboxy  termini  of 
TM1  coordinately  function  to  regulate  microfilament  organization  during  cytokinesis. 
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1,  Introduction: 


¥ 


The  polymerization  status  of  actin  is  dynamically  regulated  by  a  number  of  actin 
binding  proteins  which  modulate  the  cytoskeletal  organization  in  a  spatio-temporal 
manner  [1],  In  cultured  fibroblasts,  actin  cytoskeleton  is  organized  into  filopodia  [2], 
lamellipodia  [3]  and  stress  fibers  [4],  Stress  fibers  are  bundles  of  microfilaments  that 
traverse  the  cells  and  their  absence  contributes  to  the  aberrant  cytoskeleton  and  deranged 
cellular  morphology  often  associated  with  the  neoplastic  cells  [5-8],  Stress  fiber 
assembly  is  regulated  by  RhoA-mediated  contractility  in  normal  cells  [9].  Several  studies 
have  shown  that  the  active  RhoA  in  malignant  cells  is  uncoupled  from  its  downstream 
effectors,  and  is  suggested  as  a  mechanism  for  the  presence  of  disorganized  cytoskeleton 
in  neoplastic  cells  [10-13], 

The  expression  of  key  actin  binding  proteins,  such  as  a-actinin,  vinculin,  gelsolin, 
caldesmon  and  tropomyosins  (TMs)  is  downregulated  in  neoplastic  cells  (reviewed  in 
[14-16]).  We  propose  that  the  downregulation  of  actin  binding  proteins  is  responsible  for 
the  dissolution  of  stress  fibers,  resulting  in  aberrant  cytoskeleton,  altered  cellular 
morphology,  and  enhanced  cell  motility  and  invasion.  Such  an  idea  is  supported  by 
several  studies  in  which  the  restoration  of  a-actinin  [7],  vinculin  [8]  and  TMs  [6,  17-19] 
results  in  the  re-emergence  of  stress  fibers  and  suppression  of  malignant  growth. 

Tropomyosin  (TM)  family  of  actin  binding  proteins  is  of  particular  interest 
because  of  the  consistent  loss  of  certain  isoforms,  such  as  tropomyosin- 1  (TM1)  isoform, 
in  diversely  transformed  cells.  TM1  is  downregulated  in  primary  breast  tumors  [20]  and 
transitional  carcinoma  of  the  urinary  bladder  [21].  The  expression  of  TM1  is  consistently 
abolished  in  breast  carcinoma  cell  lines  [19,  22],  and  is  downregulated  in  a  several 
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melanoma,  colon  and  lung  carcinoma  cell  lines  (unpublished  data)  through  epigenetic 
mechanisms  [23,  24],  Previous  studies  from  this  laboratory  have  shown  that  TM1 
induces  anoikis  [20]  and  suppresses  the  neoplastic  growth  of  several  malignant  cells  [6, 
17-19],  Whereas  some  reports  indicate  that  other  TMs  also  might  reorganize 
cytoskeleton  and  suppress  malignant  growth  [25-27],  our  results  demonstrate  that  the 
anti-oncogenic  properties  are  specific  for  TM1  [17,  20]  and  the  potential  reasons  for  the 
apparent  variance  have  been  discussed  else  where  [28], 

The  molecular  basis  for  TM1 -mediated  cytoskeletal  and  anti-oncogenic  effects  is 
intriguing  and  remains  to  be  elucidated.  All  TMs  share  extensive  sequence  homology, 
yet  they  differ  remarkably  in  their  expression  in  tissues  through  alternative  splicing  and 
in  subcellular  localization  [14,  29],  In  vitro  studies  have  shown  that  the  amino  and 
carboxy  termini  of  TM  proteins  are  key  determinants  of  actin-binding  properties  of 
various  TMs  and  hence  may  specify  the  isoform-specific  functions  [30],  In  this  report, 
we  have  determined  the  structural  components  of  TM1  that  mediate  cytoskeletal 
reorganization  and  suppression  of  neoplastic  growth  by  utilizing  chimeras  of  TM1  and 
TM2.  Our  studies  also  indicate  that  distinct  sequences  (‘domains’)  of  TMs  perform 
specific  functions  in  microfilament  organization. 

2.  Materials  and  Methods: 

2. 1.  Plasmids  and  TM  constructs 

To  construct  chimeras  of  TM1  [31]  and  TM2  [17],  a  Hind  III  site  was  engineered  into 
TM1  and  TM2  cDNAs  by  PCR  based  silent  mutagenesis  at  nucleotide  506  (G  — »T)  of  the 
coding  region,  with  ‘A’  of  the  initiation  codon  being  position  1.  The  amino  and  carboxy 
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portions  of  TM1  and  TM2  were  interchanged  at  the  Hind  III  site  by  standard  molecular 
biology  procedures,  as  illustrated  in  Figure  1.  The  TM2-TM1  chimera  was  subcloned 
into  a  ptTAs  vector  (a  generous  gift  from  Dr.  E.  P.  Reddy,  Fels  Institute  for  Cancer 
Research  and  Molecular  Biology,  Temple  University  School  of  Medicine)  that  combines 
the  sequences  of  the  tetracycline  controlled  transactivator  (tTA)  and  the  tet  operator- 
CMV-promoter  into  a  single  plasmid.  The  TM1-TM2  chimera  was  subcloned  into 
pIRES2-EGFP  vector  (Clontech)  as  an  EcoR  I-BamH  I  fragment  that  co-expresses  GFP 
as  a  visual  marker.  The  nucleotide  sequence  of  the  chimeras  was  verified  by  sequencing. 
The  constructs  are  expected  to  encode  284  amino  acid-  containing  chimeric  proteins. 

2.2.  Cell  culture  and  transfection 

NIH3T3  cells  transformed  by  v-Ki-ras  (DT  cells)  and  the  cell  lines  expressing 
TM1  (DT/TM1)  have  been  described  previously  [6,  32].  DT  cells  express  TM1  at  the 
50%  levels  found  in  NIH3T3  cells,  whereas  TM2  and  TM3  levels  are  undetectable. 
Transduction  of  TM1  markedly  enhances  TM1  expression  in  DT  cells  [6],  The  DT  cells 
were  transfected  with  a  recombinant  TM2-TM1  plasmid,  selected  for  resistance  to 
puromycin  and  cloned  by  limiting  dilution  method  in  the  presence  of  tetracycline 
(2pg/ml).  DT  cells  were  also  transfected  with  an  empty  ptTAs  vector  to  generate  vector 
control  cells  for  the  experiments  involving  DT/TM2-TM1  cells. 

Cells  transfected  with  TM1-TM2  chimera  were  selected  for  G418  resistance  and 
sorted  by  flow  cytometry  to  isolate  transfected  cells.  Cells  transfected  with  empty  vector 
(pIRES2-EGFP)  were  also  processed  similarly  for  use  as  controls. 

2.3  Other  methods 
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Cell  lysates  were  prepared  as  described  previously  [33]  and  analyzed  by 
immunoblotting  using  50  j_ig  of  total  cytoplasmic  proteins.  Immunofluorescence  was 
performed  using  TM31 1  monoclonal  antibody  (Sigma),  which  recognizes  all  TMs 
expressed  in  this  cell  type  [33].  Anchorage  independent  growth  was  measured  by  soft 
agar  assays  [6],  Flow  sorting  of  transfected  cells  was  performed  using  Beckton 
Dickinson  FACStar  Plus  Flow  cytometer. 

3.  Results  and  Discussion: 

Many  cytoskeletal  proteins  involved  in  regulating  microfilament  dynamics 
contain  various  structural  motifs  that  mediate  specific  functions.  TM1,  like  the  other 
TMs,  is  an  actin  binding  protein  with  no  defined  catalytic  activity  or  specific  binding 
partners  that  could  regulate  intracellular  signaling  pathways  to  mediate  the  isoform- 
specific  functions  of  TM1.  However,  several  in  vitro  studies  suggest  that  the  amino  and 
carboxy  termini  are  important  determinants  of  TM  functions  [30,  34].  Furthermore, 
studies  with  transgenic  mice  expressing  variants  of  cardiac  TM  isoforms  have 
demonstrated  that  the  carboxy  termini  TMs  are  important  for  the  cardiac  muscle  function 
[35,  36]. 

The  high  Mr  TMs  (TM1,  TM2  and  TM3)  consist  of  284  amino  acids  (coded  by  9 
exons),  share  extensive  sequence  homology,  localize  to  stress  fibers  and  bind  to  actin  at 
1:7  molar  ratio  (reviewed  in  [14,  29]).  We  have  utilized  TM2  to  determine  whether  other 
TM  isoforms  also  mimic  the  anti-oncogenic  effects  of  TM1,  and  have  shown  that  TM2 
fails  to  induce  stress  fibers  and  suppress  anchorage-independent  growth  in  highly 
malignant  DT  (ray-transformed  NIH3T3)  cells  [17]  and  MCF-7  breast  carcinoma  cells 
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[20],  TM1  and  TM2  share  extensive  sequence  identity  (85.6%)  and  many  other  features 
(Figure  1).  For  example,  both  proteins  are  a-helical  coiled  coil  proteins  (reviewed  in 
[14])  and  form  homodimers  [28].  However,  TM1  and  TM2  diverge  significantly  in 
carboxy  terminal  sequences  encoded  by  exons  6  (52%  sequence  identity)  and  exon  9 
(69%  sequence  identity),  suggesting  that  these  regions  may  mediate  TM1 -specific 
functions.  The  alternatively  spliced  exons  of  TMs  have  been  implicated  in  isoform- 
specific  functions  such  as  modulating  the  interaction  with  troponin  complex  during 
muscle  contraction  [37].  Therefore,  we  created  chimeras  of  TM1  and  TM2,  as  described 
in  Methods,  and  expressed  them  in  DT  cells. 

3.1.  TM2-TM1  chimera  fails  to  induce  stress  fibers  and  suppress  malignant  growth 

Stable  cell  lines  of  DT  cells  transfected  with  TM2-TM1  chimera  (DT/TM2-TM1) 
were  isolated.  The  expression  of  the  chimera  was  induced  to  about  10-fold  in  the  absence 
of  tetracycline  (Figure  2A).  Expression  of  endogenous  TM1  is  not  altered  when  the 
chimera  is  induced.  TM1  levels  in  the  chimera  transfected  cells  are  comparable,  in 
presence  or  absence  of  the  antibiotic,  to  the  level  found  in  DT  cells,  as  measured  by 
normalization  to  tubulin  load  control  (data  not  shown).  Expression  of  TM2-TM1 
chimera  in  DT  cells  failed  to  reorganize  microfilaments,  assemble  stress  fibers  and 
consequently  did  not  alter  the  cell  morphology  (Figure  2B).  Further,  induction  of 
DT/TM2-TM1  chimera  did  not  inhibit  the  anchorage  independent  growth  of  DT  cells 
(Figure  2C).  DT/TM2-TM1  cells  grew  equally  efficiently  under  induced  and  repressed 
conditions  in  soft  agar  and  the  efficiency  of  colony  formation  was  comparable  to  that 
obtained  with  the  wild  type  DT  cells.  Expression  of  wild  type  TM1,  however,  nearly 
abolished  anchorage  independent  growth.  Collectively,  these  results  show  that  TM2- 
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TM1  chimera,  like  TM2,  is  not  a  suppressor  of  malignant  phenotype,  indicating  that  the 
carboxy  terminal  portion  of  TM1  lacks  the  ability  to  reorganize  cytoskeleton  and  confer 
tumor  suppression. 

3.2.  The  TM1-TM2  chimera  induces  stress  fibers  in  DT  cells 

Since  the  amino  terminal  integrity  is  an  important  determinant  of  TM  functions 
[33,  38],  we  have  considered  the  possibility  that  a  TM1-TM2  chimera  may  be  able  to 
mimic  TMl’s  ability  to  reorganize  micro  filaments  .  Repeated  attempts  at  generating 
stable  clones  that  express  TM1-TM2  chimera  in  several  expression  vectors  by 
conventional  drug  selection  strategies  have  been  unsuccessful  (data  not  shown). 
Therefore,  the  TM1-TM2  chimera  was  cloned  into  a  plasmid  vector  that  co-expressed 
enhanced  green  fluorescent  protein  (EGFP)  from  IRES  sequences.  DT  cells  transfected 
with  the  TM1-TM2  chimera  were  sorted  out  by  flow  cytometry  for  EGFP  expression, 
with  empty  vector  transfected  cells  serving  as  controls. 

The  flow  sorted  DT/TM1-TM2  chimera  cells  expressed  the  TM1-TM2  chimera, 
as  determined  by  immunoblotting  (Figure  3  A).  Morphologically,  the  chimera  transfected 
cells  grew  as  flat  and  well-spread  cells  while  the  vector  transfected  cells  remained  spindle 
shaped,  reminiscent  of  DT  cells.  Examination  of  microfilament  architecture  revealed  that 
DT/TM1-TM2  cells  displayed  well  organized  stress  fibers  that  co-stain  for  TM  and  F- 
actin  (Figure  3B).  Vector  control  cells,  however,  resembled  the  parental  DT  cells  and  did 
not  contain  well  organized  stress  fibers.  The  microfilament  organization  in  DT/TM1- 
TM2  cells  resembled  that  of  DT/TM1  cells  and  further  supports  our  findings  that  the 
amino  terminal  sequences  of  TM1  are  important  for  its  cytoskeletal  functions.  Whereas 
our  previous  work  showed  that  the  disruption  of  the  amino  terminal  integrity  with  the 
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addition  of  a  hemagglutin  epitope  (HA)  tag  abrogates  stress  fiber  formation  in  malignant 
cells  [33],  the  present  work  demonstrated  that  the  amino  terminal  sequences  of  TM1 
induce  stress  fibers.  Together,  these  findings  show  that  the  amino  terminal  sequences  of 
TM1  and  the  amino  terminal  integrity  are  critical  for  stress  fiber  assembly. 

3.3.  TM1-TM2  chimera  induces  defective  cytokinesis 

The  flow  sorted  DT/TM1-TM2  cells  contain  a  number  of  multinucleated  cells 
(Figure  3C).  Therefore,  the  expression  of  TM1-TM2  chimera  results  in  a  defective 
cytokinesis.  The  unusually  high  number  of  binucleated  cells  (>  25%)  rendered  the 
isolation  of  single  cell  clones  of  DT/TM1-TM2  cells,  not  possible.  Furthermore,  cells 
that  survived  and  grew  from  these  primary  flow-sorted  cultures  did  not  express  TM1- 
TM2  chimera  and  reverted  to  DT-like  growth  characteristics  with  spindle-shaped  cell 
morphology.  These  ‘revertant’  cells,  although  retained  the  GFP  expression,  were  lacking 
the  expression  of  the  TM1-TM2  chimera  (not  shown).  These  findings  show  that  although 
TM1-TM2  chimera  is  able  to  promote  stress  fiber  assembly,  it  induces  abnormal 
cytokinesis  indicating  that  the  mismatched  ends  of  TMs  exert  deleterious  effect  on 
growth. 

High  Mr  TMs  localize  to  the  cytokinetic  ring  [39].  Previous  work  from  this  and 
other  laboratories  has  shown  that  modification  of  the  ends  of  TMs  promotes  defective 
cytokinesis.  For  instance,  chimeras  of  TM5-TM3  which  contains  the  amino  terminal 
portion  of  TM5  (a  low  Mr  TM)  and  the  carboxy  terminal  half  of  TM3  (a  high  Mr  TM), 
have  been  reported  to  display  high  actin  affinity,  abnormally  high  multinucleated  cells 
and  a  delayed  cytokinesis  [40,  41].  Our  recent  work  with  the  HA-TM1  also  support  that 
the  ends  of  TMs  are  important  regulators  of  TM  functions  and  influence  cytokinesis  [33], 
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The  mismatching  of  TM  ends,  in  the  case  of  TM1-TM2  chimera,  however  results  in 
extensive  endoreduplication  and  interferes  with  cytokinesis,  which  precluded  detailed 
analyses  of  the  block  in  cytokinesis.  Collectively,  these  observations  suggest  that  the 
coordinate  regulation  of  the  amino  and  carboxy  termini  of  high  Mr  TMs  is  essential  for 
nonnal  cytokinesis. 

The  association  of  TMs,  in  particular  TM1,  with  F-actin  is  regulated  by 
interactions  with  other  TMs  such  as  TM2  and  caldesmon  [42],  Further,  caldesmon  is 
phosphorylated  by  p34cdc-2  kinase  in  a  mitosis  specific  fashion,  which  results  in  a 
dissociation  of  caldesmon  from  the  microfilaments  [43].  The  absence  of  caldesmon  in 
microfilaments  is  suggested  to  weaken  TMl-F-actin  interactions,  resulting  in  the 
dissociation  of  TM1  from  microfilaments  [42],  Additional  studies  will  be  necessary  to 
detennine  whether  the  chimeras  differ  in  their  binding  properties  to  actin  and/or 
regulation  by  caldesmon. 

In  summary,  our  results  show  that  the  amino  terminal  portions  of  TM1  are  critical 
detenninants  of  TM1  in  stress  fiber  assembly,  cytokinesis  and  suppression  of  malignant 
growth.  The  carboxy  terminus  of  TM1  is  not  sufficient  to  induce  stress  fibers,  and  may 
co-ordinate  the  binding  interactions  with  F-actin  or  contributes  to  the  other  anti- 
oncogenic  properties  of  TM1.  Thus,  the  microfilament  organization  and  the  induction  of 
stress  fiber  assembly  are  important  factors  in  the  anti-neoplastic  actions  of  TM1. 
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Figure  Legends 

Figure  1.  Generation  of  TM  chimeras:  A  schematic  representation  of  TM1  and  TM2 
cDNAs  with  areas  of  sequence  divergence,  and  the  position  at  which  the  amino  and 
carboxy  termini  are  switched  (designated  as  ‘Switch’)  is  depicted.  The  TM2-TM1 
chimera  is  subcloned  into  a  tetracycline  regulatable  plasmid  vector,  ptTAs  that  allows 
selection  with  puromycin.  In  this  vector,  the  tetracycline  regulated  transactivator  and  the 
tetracycline-repressed  CMV  promoters  are  present.  The  expression  of  the  cloned  gene  is 
repressed  in  the  presence  of  the  antibiotic.  The  TM1-TM2  chimera  is  cloned  into 
pIRES2-EGFP  plasmid,  and  the  transfected  cells  are  isolated  by  flow  cyotometer. 

Figure  2:  TM2-TM1  chimera  does  not  assemble  stress  fibers  or  suppress  anchorage- 
independent  growth:  A.  DT/TM2-TM1  cell  line  was  tested  for  the  expression  of  the 
chimera  by  immunoblotting  with  TM3 1 1  antibody  (Sigma)  in  the  presence  and  the 
absence  of  tetracycline  (Tet),  and  the  chimera  is  identified.  For  control  purposes, 
NIH3T3  and  DT  cells  were  used.  The  top  band  in  NIH3T3  cells  is  TM1 ;  whereas  the 
lower  band  corresponds  to  a  mixture  of  TM2  and  TM3  isoforms,  which  are  resolved  on 
2-D  gels.  The  DT/TM2-TM1  samples  were  under-exposed,  as  the  chimera  is  induced  to 
ten  fold  in  the  absence  of  the  antibiotic.  Therefore,  the  TM1  signal  is  not  evident  under 
these  conditions.  B.  Immunofluorescence  revealed  that  the  induction  of  TM2-TM1 
chimera  fails  to  induce  stress  fibers,  as  revealed  by  TM  antibody  and  F-actin  (staining 
with  phalloidin),  and  the  cells  resembled  parental  DT  and  DT/TM2  cells,  as  shown 
previously  [17,  28,  32,  33].  Bar  10pm.  C.  Expression  of  the  TM2-TM1  chimera  does 
not  inhibit  the  anchorage  independent  growth.  One  thousand  cells  were  plated  on  soft 
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agar  and  the  number  of  colonies  were  enumerated  at  the  end  of  2  weeks  following 
staining  with  0.5%  nitro  blue  tetrazolium.  The  DT/TM2-TM1  cell  line  was  cultured 
either  in  the  presence  of  tetracycline  (+)  or  absence  (-),  which  corresponds  to  uninduced 
and  induced  conditions,  respectively.  A  vector  control  cell  line  (DT/V)  was  also  plated 
which  efficiently  grew  under  anchorage-independent  conditions.  The  number  of  colonies 
obtained  is  normalized  to  DT  cells  (100%).  Photomicrographs  of  soft  agar  cultures  (X10 
magnification)  are  shown  below  the  graph.  TM1  expression  (DT/TM1  cells),  abolishes 
the  growth  of  DT  cells  and  is  included  as  a  reference  [6,  17].  Expression  of  TM2  in  DT 
cells  does  not  alter  anchorage  independent  growth  [17],  and  therefore,  not  depicted. 

Figure  3.  TM1-TM2  chimera  induces  stress  fiber  formation:  A.  The  flow  sorted 
DT/TM1-TM2  chimera  cells  were  tested  for  the  expression  of  the  chimera  by 
immunoblotting  using  TM3 1 1  antibody.  The  empty  vector  transfected  cells  (labeled 
DT/vector),  and  the  chimera  transfected  cells  (labeled  DT/chimera)  were  analyzed.  The 
position  of  TM1-TM2  chimera  is  identified. 

J B.  DT  cells  transected  with  empty  pIRES2-EGFP  (vector  control)  and  the  chimera 
(TM1-TM2  chimera)  cells  were  stained  with  TM31 1  antibody  and  phalloidin. 

Expression  of  TM1-TM2  chimera  results  in  the  assembly  of  stress  fibers  that  are  stained 
with  TM  antibody  and  phalloidin.  The  inset  in  the  TM1-TM2  chimera  cells  (TM-  panel) 
shows  the  presence  of  organized  bundles  of  microfilaments  at  a  higher  magnification. 

The  stress  fibers  in  the  chimera  transfected  cells  costain  with  TM  antibody  and  phalloidin 
and  traverse  the  cell  (also  seen  in  panel  C).  The  vector  control  cells  lack  TM -positive- 
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microfllaments  and  resemble  the  parental  DT  cells.  Both  cell  types  are  positive  for  GFP, 
as  indicated.  Bar  10pm. 

C.  The  DT/TM1-TM2  cells  display  defective  cytokinesis.  The  flow  sorted  DT/TM1- 
TM2  cells  were  stained  as  indicated.  The  arrows  show  binucleated  cells.  Bar  10  pm. 


20 


Figure  1 


(Flow  sorting) 


(Stable  clones) 


APPENDIX  8 


Amino  terminal  region  is  essential  for  tumor  suppression  by  Tropomyosin- 1,  a  novel 
class  II  tumor  suppressor. 

Shantaram  Bharadwaj,  Gaddamanugu  L.  Prasad,  Wake  Forest  University  Health 
Sciences,  Winston-Salem,  NC. 

Abstract  -  AACR-7/1 1/03  -  7/14/03:  Washington  D.C 

Microfilaments  regulate  a  number  of  cellular  processes  such  as  cytokinesis, 
motility  and  intracellular  transport,  and  are  critical  for  maintaining  normal  cell 
morphology.  Disorganized  microfilaments  are  generally  found  in  malignant  cells  and  are 
thought  to  play  a  crucial  role  in  neoplastic  transformation  of  cells.  Tropomyosin-1  (TM1) 
is  a  key  actin  binding  protein  that  stabilizes  micro  filaments,  and  suppression  of  TM1 
expression  is  a  common  biochemical  change  in  malignant  cells.  Previous  work  from  this 
laboratory  demonstrates  that  TM1  is  a  novel  class  II  tumor  suppressor,  and  that  TM1  is 
profoundly  downregulated  in  breast  carcinomas.  The  present  study  investigates  the 
structure-function  relationship  of  tumor  suppression  by  TM1. 

TM1  undergoes  dimerization  and  associates  with  F-actin  in  a  head-to-tail  fashion, 
thus  spanning  the  entire  length  of  the  filament.  Consistently,  amino  and  carboxy  termini 
of  TM1  have  been  shown  to  be  important  determinants  of  TM1  for  binding  to  actin.  In 
vitro  binding  studies  have  shown  that  modification  of  the  N-terminus  of  TM1  results  in 
decreased  binding  to  actin,  which  could  impair  the  assembly  and  the  stability  of  actin 
filaments.  Therefore,  we  modified  the  amino  terminal  end  of  TM1  by  addition  of  a  HA 
epitope.  We  have  utilized  DT  cells  (ras  transformed  NIH3T3  cells)  which  express 
significantly  lower  TM1  compared  with  the  parental  NIH3T3  cells. 

Stable  cell  lines  of  DT  expressing  the  variant  TM1  (DT/HA-TM1)  have  been 
generated,  and  their  growth  characteristics  were  compared  with  DT  cells  expressing  wild 
type  TM1  (DT/TM1).  Expression  of  HA-TM1  protein  did  not  alter  cellular  morphology, 
growth  rates  in  monolayer  cultures  or  induce  microfilaments.  In  contrast,  wild  type  TM1 
significantly  decreased  the  growth  rates  and  reorganized  cytoskeleton  leading  to 
improved  cellular  morphology.  Furthermore,  the  variant  TM1  protein  did  not  alter  the 
anchorage  independent  growth  -an  important  property  of  malignantly  transformed 
cells- ,  while  the  wild  type  TM1  abolished  anchorage  independent  growth. 

We  investigated  if  the  inability  of  HA-TM1  protein  to  suppress  malignant 
transformation  is  due  to  prevention  of  dimerization.  Cross  linking  experiments  reveal 
that  HA-TM1  does  not  form  dimers,  while  the  wild  type  protein  exists  as  dimers  and 
associates  with  the  detergent  insoluble  fraction  (cytoskeletal  compartment).  To 
determine  whether  the  variant  protein  binds  to  F-actin,  NIH3T3  cells  were  transfected 
with  HA-TM1.  The  variant  protein  colocalizes  with  stress  fibers  indicating  that  the 
failure  to  suppress  transformed  growth  is  not  due  to  the  inability  of  mutant  protein  to  bind 
to  F-actin. 

These  data  suggest  that  the  amino  terminus  region  of  TMlis  important  for  tumor 
suppression.  Further  experiments  are  in  progress  to  determine  how  amino  terminal 
modification  affects  cytoskeletal  organization  and  tumor  suppression  by  TM1. 
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Cytoskeletal  Proteins  as  Regulators  of  Breast  Cancer:  Anoikis  and  Tumor 
Suppression  by  Tropomyosin-1,  a  Microfilament  Stabilizing  Protein. 
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While  surgery  remains  as  the  most  effective  means  to  control  primary  breast  cancer,  most 
fatalities  in  breast  cancer  patients  occur  due  to  the  metastatic  disease.  Two  most  common  properties 
of  malignant  cells  are  the  presence  of  disorganized  cytoskeleton  and  the  ability  to  grow  at  non- 
physiological  loci.  For  example,  it  is  well  established  that  cytoskeleton  regulates  cell  morphology, 
cell  division  and  cell  motility.  Cytoskeletal  disorganization,  caused  by  changes  in  the  expression  of 
cytoskeletal  proteins  during  neoplastic  transformation,  leads  to  deregulation  of  these  processes  and 
facilitates  invasion  and  malignant  growth.  Second,  normal  cells  undergo  anoikis  (detachment- 
induced  apoptosis)  when  removed  from  extracellular  matrix  (ECM).  In  contrast,  tumor  cells  are 
resistant  to  anoikis  and  proliferate  in  the  absence  of  adhesion-derived  survival  signals,  as  metastases. 
Therefore,  investigations  into  mechanisms  that  promote  metastasis  may  lead  to  better  options  to 
treat  breast  cancer. 

Earlier  work  from  this  laboratory  has  identified  the  loss  of  expression  of  tropomyosin 
isoform  1  (TM1) — a  microfilament  stabilizing  protein —  as  a  common  biochemical  change  in  the 
breast  cancer  cell  lines.  Consistent  downregulation  of  TM1  appears  to  be  specific  for  breast  cancer 
cells,  as  about  50%  lung  and  colon  carcinoma  cells  do  contain  significant  levels  of  TM1.  TM1 
expression  is  extinguished  in  breast  cancer  cells  by  epigenetic  mechanisms  involving  histone 
deacetylation  and  gene  methylation.  Restoration  of  expression  of  TM1  in  two  widely  studied  breast 
cancer  cell  lines  results  in  reorganization  of  actin  cytoskeleton.  Significantly  TM1  also  inhibits  the 
malignant  growth  of  breast  cancer  cell  lines,  independent  of  p53  or  estrogen  receptor  status.  The 
anti-neoplastic  effects  of  TM1  are  isoform  specific;  other  closely  related  TMs  do  not  affect  the 
malignant  growth  properties  of  breast  cancer  cells.  Collectively  these  results  suggest  that 
suppression  of  TM1  may  be  a  key  event  during  mammary  carcinogenesis,  and  that  TM1  is  a  class  II 
tumor  suppressor. 

To  investigate  the  significance  of  the  lack  of  TM1  expression  in  the  established  breast  cancer 
cell  lines,  we  have  assessed  changes  in  TM1  expression  in  25  normal  and  25  breast  tumor  tissue 
specimens  collected  at  the  Wake  Forest  University  School  of  Medicine.  By  in  situ  hybridization  and 
immunofluorescence,  TM1  expression  is  readily  detectable  in  the  normal  ductal  epithelium,  but 
undetectable  in  the  tumor  tissues.  These  results,  for  the  first  time,  demonstrate  that  the  loss  of  TM1 
expression  is  a  common  biochemical  event  in  breast  cancer. 

Investigations  into  TM1 -induced  tumor  suppression  suggest  that  TM1  induces  anoikis  in 
breast  cancer  cells.  While  several  proteins  such  as  integrins  and  focal  adhesion  kinases  are  known 
to  regulate  adhesion-dependent  survival,  modulation  of  anoikis  by  a  structural,  microfilament 
protein  is  novel.  Thus,  the  loss  of  TM1  expression  during  the  neoplastic  transformation  contributes 
to  loss  of  cellular  morphology,  and  may  confer  resistance  to  anoikis.  Ongoing  work  addresses  the 
detailed  mechanism  of  TMl-induced  anoikis.  Because  TM1  suppresses  the  basic  mechanisms  that 
are  essential  for  metastasis,  it  is  likely  these  investigations  may  identify  novel  pathways/targets 
amenable  for  drug  development. 
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ABSTRACT 

Two  most  common  properties  of  malignant  cells  are  the  presence  of  disorganized 
cytoskeleton  and  the  ability  to  grow  at  non-physiological  loci.  For  example,  it  is  well 
established  that  cytoskeleton  regulates  cell  morphology,  cell  division  and  cell  motility. 
Cytoskeletal  disorganization,  caused  by  changes  in  the  expression  of  cytoskeletal  proteins 
during  neoplastic  transformation,  leads  to  deregulation  of  these  processes  and  facilitates 
invasion  and  malignant  growth.  Second,  normal  cells  undergo  anoikis  (detachment- 
induced  apoptosis)  when  removed  from  extracellular  matrix  (ECM).  In  contrast,  tumor 
cells  are  resistant  to  anoikis  and  proliferate  in  the  absence  of  adhesion-derived  survival 
signals,  as  metastases. 


We  have  utilized  tropomyosin  family  of  actin-binding  proteins  as  a  model  to  investigate 
the  role  of  cytoskeleton  in  cell  growth  regulation.  The  loss  of  expression  of  tropomyosin 
isoform  1  (Tml)  occurs  in  breast  and  other  neoplasms.  Restoration  of  expression  of  TM1 
in  two  widely  studied  breast  cancer  cell  lines  results  in  reorganization  of  microfilaments 
and  suppression  of  neoplastic  growth.  Recently  we  showed  that  Tml  induces  anoikis 
(detachment-induced  apoptosis)  in  breast  cancer  cells. 


In  the  current  study,  we  have  investigated  the  mechanism  of  Tml -induced  anoikis  in 
breast  cancer  cells. 


